Virginia Commonwealth University

VCU Scholars Compass
Theses and Dissertations

Graduate School

2011

Age Dependent Spatial Characteristics of Epileptiform Activity in
Malformed Cortex
L. Andrew Bell
Virginia Commonwealth University

Follow this and additional works at: https://scholarscompass.vcu.edu/etd
Part of the Neurosciences Commons
© The Author

Downloaded from
https://scholarscompass.vcu.edu/etd/2614

This Dissertation is brought to you for free and open access by the Graduate School at VCU Scholars Compass. It
has been accepted for inclusion in Theses and Dissertations by an authorized administrator of VCU Scholars
Compass. For more information, please contact libcompass@vcu.edu.

	
  
	
  
© L. Andrew Bell 2011
All Rights Reserved

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

AGE DEPENDENT SPATIAL CHARACTERISTICS OF EPILEPTIFORM ACTIVITY
IN MALFORMED CORTEX
A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of
Philosophy in Neuroscience at Virginia Commonwealth University.

by
L. Andrew Bell
B.A. Hampden-Sydney College, 2005
Director: Kimberle Jacobs, Ph.D.
Associate Professor
Department of Anatomy and Neurobiology

Virginia Commonwealth University
Richmond, VA
November 28, 2011

ii	
  

	
  

Acknowledgment
The author wishes to thank several people. I would like to thank my very patient wife,
Katie, for her love and support during the past six years and beyond. I would also like to thank
my parents for their support and their academic genes. Last but not least, I would like to thank
the many Virginia Commonwealth University faculty, students, and staff who have helped me
with this project. They include my advisor, Dr. Kimberle Jacobs, my graduate committee
members, Drs. Rory McQuiston, Alex Medina, Jason Chen, Margaret Biber, fellow students of
the Anatomy and Neurobiology department, and members of the Povlishock lab.

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
  

iii	
  

	
  
	
  
	
  

	
  

	
  
Table of Contents
Page
List of Figures ............................................................................................................................... iv
List of Abbreviations .................................................................................................................... vi
Abstract ......................................................................................................................................... 1
Chapter 1

Introduction to Epilepsy and the Timeline of Seizure Susceptibility .................... 3
1.1 Introductory statement ......................................................................... 3
1.2 Introduction to epilepsy ....................................................................... 4
1.3 Normal cortical development .............................................................. 9
1.4 Cortical malformations associated with cortical development .......... 13
1.5 Polymicrogyria - clinical observations and freeze lesion model........ 19
1.6 Postnatal maldevelopment - timeline of hyperexcitability ................ 37
1.7 General Methods ................................................................................ 46

Chapter 2

Early Susceptibility to Epileptiform Activity in Malformed Cortex ................... 61
Introduction ............................................................................................. 62
Methods ................................................................................................... 63
Results ..................................................................................................... 66
Discussion ............................................................................................... 72

Chapter 3

Developmental Characteristics of Spontaneous Epileptiform Activity in
Malformed Cortex ............................................................................................... 88
Introduction ............................................................................................. 89
Methods ................................................................................................... 90
Results ..................................................................................................... 93
Discussion ............................................................................................... 99

Chapter 4

Characterization of the Spatial Dynamics of Epileptiform Events in the Cortical
Malformation of Microgyria ............................................................................. 118
Introduction ........................................................................................... 119
Methods ................................................................................................. 122
Results ................................................................................................... 124
Discussion ............................................................................................. 130

Chapter 5

General Discussion ........................................................................................... 150

List of References ..................................................................................................................... 158
Vita ........................................................................................................................................... 197

	
  

	
  

iv	
  

	
  

List of Figures
Figure

Page

1.1

Timing of Neurogenesis in Rat ........................................................................................ 49

1.2

Cortical Radial Migration ................................................................................................ 51

1.3

Interneuron Neurogenesis and Tangential Migration ...................................................... 53

1.4

Five Types of Developmental Cortical Malformations ................................................... 55

1.5

Human Polymicrogyria and Freeze Lesion Model of Microgyria .................................. 57

1.6

Types of Epileptiform Activity in Low Magnesium aCSF Recorded for Dissertation ... 59

2.1

Intrinsic Excitability Changes in Normal aCSF During Development ........................... 76

2.2

Example of Automated Epileptiform Activity Detection ................................................ 78

2.3

Threshold for Epileptiform Activity Visualized by Spectrogram ................................... 80

2.4

Increased Incidence of Epileptiform Sweeps in PMR Cortex ........................................ 82

2.5

Time to First Epileptiform Sweep After Low-Mg2+ Application .................................. 84

2.6

Magnitude of Late Field Potential Activity ..................................................................... 86

3.1

Type of Activity Induced by Low-Mg2+ aCSF in P12 Neocortex ................................. 106

3.2

Developmental Changes in Low-Mg2+ aCSF-induced Epileptiform Activity ............... 108

3.3

Duration of SLE and Interval Between SLEs Does Not Predict Emergence of CRI .... 110

3.4

Spontaneous Epileptiform Events in PMR are Dependent on Glutamatergic
Transmission ................................................................................................................. 112

3.5

Pharmacological Manipulation of CRI Persistence and Spectral Properties
in P9 PMR cortex .......................................................................................................... 114

	
  

	
  

v	
  

	
  
3.6

CRI Rhythmicity After Pharmacological Manipulation Does Not Change .................. 116

4.1

Voltage-sensitive Dyes Used to Assess Neuronal Activity For Distances
of Over 4 mm ................................................................................................................. 136

4.2

Spatiotemporal Characteristics of Evoked Responses Prior to Low-Mg2+ in
PMR and Control Cortex ............................................................................................... 138

4.3

Examples of MG- and PMR-Initiated Epileptiform Activity ........................................ 140

4.4

Influence of Malformation Induction Timing on Evoked Epileptiform Activity
Initiation Site ................................................................................................................. 142

4.5

The Location of Epileptiform Activity Initiation Site Relative to the Induced Sulcus
Varies Depending on the Timing of the Malformation Induction ................................. 144

4.6

The Propagation Rate of Evoked Epileptiform Activity is Faster Near
the Malformation .......................................................................................................... 146

4.7

Density of vGlut2 Immunohistochemical Staining is Higher in PMR Cortex
than in Control for Middle and Deep Layers ................................................................. 148

	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
  

vi	
  

	
  
	
  
	
  
	
  
	
  
	
  
List	
  of	
  Abbreviations	
  
	
  
	
  
	
  
°C

degrees Celsius

aCSF

artificial cerebral spinal fluid

AED

anti-epilepsy drug

AD

anno domini

AIDA

1-amino-2,3-dihydro-1H-indene-1,5-dicarboxylic acid

AMPA

alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

APV

D,L-2-amino-5-phosphonopentanoic acid ATP adenosine 5’-triphosphate

BC

before christ

BCNU

1,2-bis-chloroethyl-nitrosourea

CGE

caudal ganglionic eminence

CNS

central nervous system

CO

cytochrome oxidase

Cp

cortical plate

CRI

continuous repetitive ictal-like activity

DHPG

S-3,5-dihydroxyphenylglycine hydrate

DNQX

dinitroquinoxaline [(6,7)],2,3(1H,4H)-dione

e-

evoked

E-

embryonic day

EEG

Electroencephalography

	
  

	
  

vii	
  

	
  
EPSC

excitatory postsynaptic current

FDA

Food and drug administration

FS

fast-spiking

GABA

ϒ-aminobutyric acid

HCN

the hyperpolarization-activated non-specific cation

Hz

hertz

II

interictal

IZ

intermediate zone

IPSC

inhibitory postsynaptic current

LFP

local field potential

LGE

lateral ganglionic eminence

Low Mg2+

low magnesium artificial cerebral spinal fluid

LRFP

late rectified field potential

LTP

long term potentiation

LTS

low threshold spiking

m-

miniature

MAM

methylazoxymethanol

MEG

Magnetoencephalography

MG

microgyrial area

MGE

medial ganglionic eminence

mGluR

metabotropic glutamate receptor

MGN

medial geniculate nucleus

Mins

minutes

	
  

	
  

viii	
  

	
  
mM

millimolar

mOsm

milliosmolar

MPEP

6-methyl-2-(phenylethynyl) pyridine hydrochloride

mRNA

messenger ribonucleic acid

msec

millisecond

MUA

multi-unit activity

mV

millivolt

mz

marginal zone

NMDA

N-methyl-D-aspartate

O2

oxygen

P

postnatal day

PMG

polymicrogyria

PMR

paramicrogyral region

RS

repetitive spike ictal event

s-

spontaneous

SLE

seizure-like events

sp

subplate

spont

spontaneous

SS

single-spike ictal event

SZ

subventricular zone

TISH

telencephalic internal structure heterotopia

VB

ventrobasal

vGlut2

vesicular glutamate transporter 2

	
  

	
  

ix	
  

	
  
VIP

vasoactive intestinal peptide

VSD

voltage sensitive dye imaging

Vz

ventricular zone

µm

micrometer

µM

micromolar

	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
  

	
  
	
  
	
  
	
  
	
  
Abstract
AGE DEPENDENT SPATIAL CHARACTERISTICS OF EPILEPTIFORM ACTIVITY IN
MALFORMED CORTEX
by L. Andrew Bell
A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of
Philosophy at Virginia Commonwealth University.
Virginia Commonwealth University, 2011
Director: Kimberle Jacobs, Ph.D.
Associate Professor, Department of Anatomy and Neurobiology

Developmental cortical malformations are a major cause of intractable seizures.
Determining the location and timing of susceptibility for epileptiform activity is critical to
identifying what mechanisms contribute to epileptogenesis in any model. Using the freeze lesion
rat model of polymicrogyria, we have identified, in lesioned cortex, these two aspects of
epileptogenesis.
Previous studies have demonstrated that epileptiform activity cannot be evoked prior to
postnatal day (P) 12, but the malformed cortex is more susceptible to seizures as early as P10.
An increase in excitatory afferents to the epileptogenic zone occurs before the onset of network
epileptiform activity. Whether or not these afferents are a major contributor to the
hyperexcitability of the malformed cortex can be investigated by determining if they specifically
create a susceptibility for epileptiform activity. We have examined that here by measuring
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whether that timing coincides with an increased susceptibility for evoked and spontaneous
epileptiform activity. We report that the malformed cortex is more susceptible to evoked
epileptiform activity than control cortex as earlier as P7 and as late as P36. Further, we also find
that the form of spontaneous epileptiform activity in malformed cortex is altered as early as P7.
The timing of these early disruptions of cortical function found here suggests additional
epileptogenic mechanisms exist prior to the reported increase in excitatory afferents at P10.

Determining the location of the seizure initiation is an essential part of epilepsy research.
Some patients with developmental cortical malformations have seizures initiated within the
malformation, while others have seizures generated by the surrounding cortex. Previous data in
the freeze lesion model of microgyria suggests that the timing of freeze lesion (from P0 to P1)
can shift the epileptogenic focus from the malformation to the paramicrogyrial region (PMR).
We report that both the timing of the freeze lesion and the survival age of the animal can alter the
epileptogenic circuitry of the malformation and surrounding tissue. These findings provide new
insight to the timeline of hyperexcitability in malformed cortex and will possibly lead to greater
surgical success for patients with intractable epilepsy.
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Chapter 1
Introduction to Epilepsy and the Timeline of Seizure Susceptibility
1.1 Introductory Statement

Epilepsy is a chronic and sometimes debilitating neurological condition that is difficult to
control in part because there are multiple disease forms with distinct underlying mechanisms.
Most important to investigate with animal models are the forms of epilepsy with intractable
seizures. The fact that the seizures are intractable demonstrates that we currently have no
effective treatments. A significant portion of these types of epilepsy come from cortical
maldevelopment that produces structural malformations (322). There are a variety of
malformations induced with different timing and quality of insults, including genetic mutation
(148). In these studies we focus on the malformation of microgyria, one of the most common
forms, that can produce a severe seizure condition (24).
Our ultimate goal is to identify treatments and preventions that target the underlying
neurological mechanisms. Critical to identifying what mechanisms contribute to epileptogenesis
in any model is determining the location and timing of susceptibility for epileptiform activity.
Experiments here examine these two aspects of epileptogenesis.
Previous work in the animal model used here, the freeze lesion-induced microgyria,
shows that an increase in excitatory afferents to the epileptogenic zone occurs before the onset of
network epileptiform activity (320). Whether or not these afferents are a major contributor to the
hyperexcitability of this cortex can be investigated by determining if they specifically create a
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susceptibility for epileptiform activity. We have examined that here by determining if that
timing coincides with an increased susceptibility for epileptiform activity.
Often the approach to identifying the neurological mechanisms of epileptogenesis is to
list the abnormalities that occur after onset. However, in order to identify the epileptogenic
mechanisms, the initiating region must be first identified. This issue is of particular clinical
importance in cortices with malformations. Studies of the effect of resection have already
repeatedly demonstrated the usefulness of including cortex adjacent to the malformation in
resection for best outcome (267) (highest percentage of seizure reduction). In addition, there

appear to be two distinct clinical populations, one that shows clear seizure initiation from within
the malformed region as identified on imaging (156), and a separate population in which seizure
initiation is also dependent on adjacent cortex (50). Here we have examined whether the timing
of the insult might account for these differences in the location of seizure initiation relative to the
site of malformation.

1.2 Epilepsy
Introduction
Epilepsy is a collection of complex disorders of the brain, which involve a wide range of
manifestations and which are due to a variety of causes. The defining feature of epilepsy is the
occurrence of recurrent epileptic seizures (more than one). There are many definitions of an
epileptic seizure, the International Bureau for Epilepsy (IBE) proposed the definition of an
epileptic seizure to be: “A transient occurrence of sign and/or symptoms due to abnormal
excessive or synchronous neuronal activity in the brain” (93).

History
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The word “epilepsy” derives from the Greek verb “epilambvanein,” meaning “to be
seized, to be overwhelmed by surprise.” Some of the first written accounts about the basic
medical concepts of epilepsy appear in ancient Indian medicine of the Vedic period of 45001500 BC (70), but for most of human history the disorder has been associated with the
supernatural and considered demonic, magical, and/or contagious.
A real advance in Western medicine’s understanding of epilepsy came from Hippocrates
(460-370 BC) in ancient Greece. In his famous treatise “On the Sacred Disease”, Hippocrates
declared that epilepsy was just a natural disease of the brain no more divine and no more sacred
than other diseases. The idea that seizures could originate outside of the brain had been a
prevailing thought for centuries. Galen of Pergamon (200 AD) believed that seizures could arise
from within the brain but also from other organs acting upon the brain. He believed that there
was a continuous sensory system that connected all limbs and organs and that any one of them
could set off an “ascending sensory aura”. Unfortunately, Hippocrates and Galen’s beliefs
weren’t universally held for most of the last two millennia, and instead misunderstanding and
misdiagnosis of people with epilepsy continued to be the norm in some underdeveloped
countries.

The groundbreaking development in the modern understanding of epilepsy, or of seizures
more specifically, came with the implementation of electroencephalogram (EEG) recordings in
epilepsy research by Gibbs, Davis, and Lennox in 1935 (for review see Bladin (43)). With EEG
recordings, researchers and clinicians could recognize and study the electrical correlates of
various types of seizures, which has led to enormous advances in understanding and managing
the disorder.
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Classification of Seizures
Like any medical disorder with unknown mechanisms, classification of the epilepsy
syndrome and, more specifically, seizures, into unique pathophysiologic phenomena has been
challenging. Prior to 1981, characterization of seizures was phenomenologic. This was largely
because at the time of conception there was insufficient knowledge of the underlying neuronal
mechanisms and anatomic substrates of individual seizure types to permit a more scientific
categorization based on natural classes (ILAE, 1981). This classification system has been
revised twice since 1981 - in 1989 and again in 2010 (38), but the basic classification has
remained: three main seizure types: generalized seizures (Tonic-clonic, absence, myoclonic,
clonic, tonic, atonic), focal seizures, and unclassified epileptic seizures.
The International League Against Epilepsy and clinicians around the world are currently
working to further enhance the classification system so that it allows for a flexible
multidimensional approach, reflecting the discoveries of the last 20 years and providing
clinicians with a classification system that will enable them to better serve their patients (39).

Epidemiology
Today, epilepsy itself is the most common serious brain disorder, affecting around 50
million people worldwide. As with many disorders, a country’s socioeconomic status greatly
affects the incidence and mortality rates of people with epilepsy. In developed countries, annual
new cases are between 40 and 70 per 100,000 people in the general population. In developing
countries, this figure is often close to double that due to the higher risk of experiencing
conditions that can lead to permanent brain damage. In fact, close to 85% of epilepsy cases
worldwide are found in developing regions (147, 227). The incidence of epilepsy cases is also

	
  

	
  

7	
  

	
  
affected by the average age of the population. Data shows that the rates are much higher for
newborns and elderly (215).

Social and Economic Impact of Epilepsy
Epilepsy can lead to many interacting medical, psychological, economic, and social
repercussions, all of which need to be considered to fully understand the impact of the condition.
Epilepsy has significant economic implications in terms of health care needs, premature death,
and lost work productivity. The cost of epilepsy care depends on the country the patient lives in,
but a study done in 2000 showed that the annual cost per patient with active seizures was $4,559
in the US ($802 for patients with inactive seizures) (31). For the developing country of India, it
was estimated in 2007 that the total cost per epilepsy case was $344 per year (77% of the average
per capita income), making the total cost for the estimated 5 million cases in India equivalent to
0.5% of their gross national product (71).

Management of Epilepsies
Antiepileptic Drug (AED) Prophylactic Treatment: The first effective medicinal
treatment of seizures was with potassium bromide and was first used by Sir Charles Locock in
1857 (review (49)). Potassium bromide was the mainstay of epilepsy treatment for nearly 50
years until Hauptmann found that phenobarbitone, when used to sedate asylum patients, also
controlled their epileptic seizures (49). Since the synthesis of Phenobarbital in 1912, more than
30 antiepileptic drugs have been developed and approved by the FDA. The mechanisms of action
of these drugs are quite varied and in some cases may be complementary (49). A physician’s
decision on how to medicate an epileptic patient can be based on the patient’s seizure type,
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syndrome, tolerance, hepatic and renal function, other medications, comorbidities, and the
antiepileptic drug’s mechanism of action, pharmacokinetic and pharmadynamic profile and cost

(221). In general, about 50% of patients with newly diagnosed epilepsy achieve complete seizure
control with the introduction of the first antiepileptic drug (30). An additional 20-30% enter
seizure remission after one or more complementary treatments and/or treatment changes are
introduced. While success rate with anti-epileptic drugs is high, many drugs carry with them
possible psychological and behavioral effects that have a wide range of severity. For example,
the FDA issued a warning in 2008 that there was an increased risk of suicidal thoughts and/or
behavior with the use of anti-epileptic drugs by patients with epilepsy (32). While not ideal,
current anti-epileptic drugs provide a means to treat the symptoms of seizures for many patients
suffering with epilepsy. However, as new information about specific causes and mechanisms is
discovered, the hope is that researchers and doctors will be able to better target the cause of
seizure initiation rather than just treat the seizures themselves.

Non-pharmacological Treatments: While most patients with epilepsy have success with
AEDs, there is still a large proportion of patients who do not respond to AEDs (roughly, 30%
overall) (30). Surgery can be a viable option for many patients with intractable seizures, but
successful surgeries depend on accurate assessment of the cortical zones associated with the
epileptiform activity (175). The concept of dividing the cortex into zones serves as a model in
the pre-surgical evaluation that provides surgeons with rough outlines of the most important
zones. The epileptogenic zone is the area of the cortex that is indispensable for the generation of
epileptic seizures (255) by being the site of highest epileptogenicity and most frequently
producing spontaneous seizures. This zone is further broken down into smaller zones: the ictal

	
  

	
  

9	
  

	
  
onset and irritative zones. These areas are found using a combination of behavioral tests and
EEG, magnetencephalograhpy (MEG), subdural electrode recordings and/or single photon
emission computed tomography (SPECT). This seizure semiology provides information about
the symptomatogenic zone and the functional deficit zone, which is the eloquent cortical area

that is (in)activated by a seizure (255). The ability to accurately outline these zones plays a large
role in the success of the surgery, but certain types of etiologies may be more viable candidates
for successful surgery than others (221).

1.3 Cortical Development
A cortical malformation is one of the most common causes of intractable epilepsy,
particularly in children (322). The following section describes the way that the cortex normally
develops. This is essential information for understanding the possible mechanisms associated
with generating epileptogenic cortical malformations. This introduction section will focus on the
mechanisms and timing of migration of newly born neurons to their laminar destinations.

Neurogenesis
The basic principles of cortical neurogenesis are similar in all mammals (296). Most
excitatory neurons and glia that will eventually form the cerebral cortex arise from a smooth
sheet of neuroepithelium in the dorsal telencephalic proliferative zone. These multipotent cells
migrate to the subventricular zone where they further differentiate and remain until migration
into the intermediate zone. In rat, the neuroepithelium becomes apparent between E12 and E13,
while the subventricular zone does not become apparent until E17. Quickly after the appearance
of the subventricular zone, an intermediate zone appears. The function of the intermediate zone
(IV) is not entirely clear, but it appears to be the site of continued mitotic and postmitotic activity
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as well as a site of pre-cortical migration organization, eventually separating neurons in an
intermediate zone_Upper, _Middle, and _Lower by E21. For somatosensory cortex, most

neurons are born in the neuroepithelium, subventricular zone, and/or intermediate zone between
E13 and E21. Peak neurogenesis in rat for the following layers are: layer VI – E15, layer V –
E16, layer IV – E17, layers II/III – between E18 and E19 (Fig. 1.1) (27).
Whereas most, if not all, excitatory neurons arise from the dorsal telencephalic
proliferative zone, inhibitory (GABAergic) neurons arise from two cell masses in the ventral
telencephalic proliferative zone, the medial and lateral ganglionic eminences (Fig. 1.3) for
review (202)..

Migration
Neurons born in the neuroepithelium of the ventricular zone migrate to their final
destination via a complex mechanism. Depending on the timing of neurogenesis, this migration
can cover less than 100 µm (early embryonic days ~(E)13) but can exceed 3000 µm (postnatal
(P) days 1 and 2). This section will review the two main types of migration excitatory neurons
and supportive cells undergo, as well as the tangential migration GABAergic neurons undergo.

Somal Translocation: Some of the first cells born in the ventricular zone are cells
destined for the marginal zone (mz) or layer I include Cajal-Retzius and subplate neurons.
Neurons migrating with this mode of locomotion are bipolar and attach the leading edge of the
process to the pia. The soma is then transported to the pial surface by nucleokinesis which is a
process by which a microtubule "cage" around the nucleus elongates and contracts in association
with the centrosome to guide the nucleus to its final destination (257).
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Radial Migration: In a series of experiments during the 1970s, Rakic’s lab showed that
most neurons migrated past the preplate and into the cortical plate by climbing radial glial cells
that extend from pia to the ventricular zone. Waves of neurons migrate to their destinations this
way – the deepest layers first. This inside-out development means that layer VI neurons are
positioned first with subsequent layers migrating through existing migrated layers (Fig. 1.2A).
In the somatosensory cortex, the timing of the development of laminar architecture is
difficult to study in rodents because the current methods of birthdating neurons have a large
temporal window. Birthdating studies using bromodeoxyuridine (BRDU) injections, which label
dividing cells during embryonic time points, have shown that layers in the cortical plate (future
cortical layers 2–6) are established according to an inside-outside pattern, where the deeper
layers contain cells that become postmitotic earlier than the cells in more superficial layers (Fig.
1.2B for the timing of laminar development) (10, 133, 236). Thus, neurons born simultaneously
(in terms of cell-cycle sequence rather than time of neurogenesis per se) (279) migrate and stop
migrating roughly at the same time, so they all occupy the same cortical layer. Although it has
been shown that the laminar identity of cortical neurons is determined early in the cell cycle (97,
195), the nature of the factors that control the migration of cortical neurons to their appropriate
layer is poorly understood.
A complex cocktail of transcription factors and secreted guidance molecules interact to
help guide migrating neurons to their final cortical position (Fig. 1.2C).
Reelin-Dab1: Mutations of the reelin gene (69, 213) and DabI gene (109, 316) have
revealed that there is an essential interaction between migrating neurons and Cajal-Retzius cells
in the MZ. In reeler and scrambler mice, the first wave of migrating cells destined to form the
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cortical plate fails to split the preplate. Subsequently, new waves of migrating neurons are unable
to pass the previous ones and accumulate in progressively deeper positions. This creates a cortex
in which layers 2–6 are roughly inverted. Interestingly, many neurons in these same reeler mice
have correctly positioned neurons (56) suggesting multiple mechanisms at work.
Cdk5 signaling pathway: Mutations in the Cdk5 pathway have a similar inverted cortex
phenotype as the reeler mutant. In these mutants, early-born neurons are not prevented from
splitting the preplate into the MZ and subplate but late born neurons fail to migrate past the
subplate (155, 197, 214). This dysfunctional migration alters the normal lamination of the cortex.
The precision in laminar architectural development is not fully understood at this point,
but it is clear that excitatory neurons born near the same time become migrating partners and
later laminar neighbors in the adult cortex. This process requires many intrinsic and
environmental factors for the proper guidance of these neurons to their final cortical positions.

Tangential Migration: While radial migration is the primary system for excitatory
neurons in the CNS to migrate, many cells, particularly GABAergic interneurons, migrate
independent of the radial glial scaffold (9, 9, 202, 237), most predominately in rodents (144). In
rodents, these interneurons (and oligodendrocytes) migrate ‘tangentially’ to the cortex from the
medial ganglionic eminence (MGE) for most interneurons (167, 307) (Fig. 1.3C) and the
entopeduncular area for oligodendrocytes (216).
Interneurons follow a precise route: they avoid entering the striatum (188) and
superficially destined interneurons invade either the MZ or subplate of the cortex, avoiding the
cortical plate itself (167). Deeper destined interneurons migrate through layer IV (74, 167) and
later in development migrate through the subventricular zone (307). Eventually, interneurons
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switch from tangential to radial migration to adopt their final laminar position in the cerebral
cortex (229, 281).
Three different types of factors influence this tangential migration of interneurons (Fig.

1.3C): factors that stimulate movement, structural elements that constitute the substrate for their
migration, and attractive/repulsive cues (Sema3A&F, Slit1/2) that direct the interneurons to their
target.
Timing of tangential migration is not as extensively studied as radial migration. What is
known is that some interneurons, particularly those born in the MGE, adopt the same cortical
layer as pyramidal neurons born at the same time in the cortical ventricular zone (VZ) (126).
Thus, coordinating the timing of different stages of interneuron migration may be key to
determining the final position of the interneurons and their functional integration into cortical
circuitry (126, 173, 178). The final migration from both subventricular zone and MZ pathways
into the cortical plate appears to occur via a highly dynamic mechanism that occurs in the first
postnatal week for rodents (202).

1.4 Cortical Malformations Associated with Cortical Development
Deviations from normal cortical development can lead to malformations. As previously
noted, malformations are responsible for a large majority of cases of intractable epilepsy. This
section will review the types of clinical cortical malformations associated with cortical
development and the animals models used to study them.

Summary of Clinical Disorders
Inhibited Brain Growth: Abnormal cell death and/or creation of too few cells during
early central nervous system (CNS) development results in an underdeveloped brain that is
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typically diagnosed as microcephaly. Patients with this condition have head circumferences that
are smaller than average by more than two standard deviations (23). Many factors contribute to
this underdeveloped brain including: vascular insult, intrauterine infection, maternal alcohol
consumption and other teratogens (1).

Excessive Brain Growth: Whereas microcephaly is the result of inhibition of brain
growth, increased proliferation and/or apoptotic failure can produce a number of pathologic
conditions including but not limited to: neoplastic lesions; cortical dysplasia; and
megalencephaly (23, 116). Megalencephaly is one of the most pronounced types of disorders
stemming from excessive neuronal proliferation and/or errors in normal apoptosis. Patients with
megalencephaly have few treatment options and typically will have large sections of brain
resected to reduce the frequency of seizures.

Improper Migration: As previously stated, cortical development requires precise
migration of both inhibitory and excitatory neurons, as well as non-neuronal cell types, into
specific destinations. Errors in this migration can lead to many types of malformations,
including, but not limited to: lissencephaly; heterotopia; and polymicrogyria.
Lissencephaly (smooth brain) is a condition in which the normal gyri of the cortical
surface are absent or dramatically decreased in number. There are a number of genetic causes of
lissencephalies, among them are point mutations or small deletions/duplications on the LIS1
gene (80% of patients) and the DCX gene (~17% of patients) (80, 170). Errors or deletions in the
LIS1 and DCX genes both cause errors in migration of cortical neurons, but the exact role Lis1
and DCX signaling plays in nuclear positioning and cell migration is not clear (115).
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A heterotopia is described by Foucault in the architectural context as ‘spaces of
otherness’. In the context of neuroscience, a heterotopia is a cluster of neurons located in a

wrong part of the brain. Heterotopias are typically the result of arrested migration of neurons to
the cerebral cortex and thus are usually found at the site of neurogenesis (subventricular nodular
heterotopia) and/or initiation of cortical migration (subcortical band heterotopia). Both types of
heterotopia are seen most frequently in females, mostly because the genes that are associated
with the disorders are x-linked genes: the lissencephaly gene, DCX and FLNA1, which encodes
a protein important for cell morphology and migration (96). The severity of symptoms varies
depending on the size and location of the heterotopia, but most patients suffer mild to moderate
cognitive abnormalities and frequently have seizures (82, 112). This type of cortical
malformation is widely studied in many animals models described later.
Schizencephly is another malformation caused by dysfunction of post-neurogenesis
development, specifically, the result of an abnormal cleft in the brain that allows aCSF to flow
directly from the ventricles through two cortical “lips” into the subarachnoid space(23, 115).
Closed “lips” result in hemiparesis or motor delay, and the more common “open-lipped”
schizencephaly results in epileptogenic hydrocephalus (171). De novo mutation of the EMX2
gene has been associated with several cases of schizencephaly, particularly those with severe
clinical presentation (52). Almost always, one or more areas of polymicrogyria border the
schizencephalic cleft. Polymicrogyria is a malformation that is characterized by an abundance of
abnormally small gyri. It is the malformation most closely related to the experiments described
here and will be discussed in detail in a later section.

Animal Models of Cortical Malformation
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In order to study the cortical malformations described above, a number of techniques
have been developed in rodents. These include, but are not limited to: genetic mutation;

irradiation; exposure to methamphetamine or other chemicals in utero; injection of a toxin; direct
mechanical damage to the cortex; and, as is used in these studies, ischemia secondary to freeze
probe application. Similar to the clinical populations, the type and severity of the malformation
generated depends on both the timing and nature of the insult (108). While some animal models
replicate the disruptions associated with massive cortical malformations, i.e. micro- and
megaloencephaly, this review will focus on animal models of focal cortical malformations that
produce spontaneous and/or in vitro hyperexcitability (205). Most of the following animal
models have been investigated to understand the underlying mechanism of hyperexcitability and
a comparison of these mechanisms is important for the justification of the experiments described
within this dissertation.
As detailed in a previous section of this introduction, neurogenesis and the subsequent
migration of cortical neurons in rodents begins in utero and completes within the first postnatal
days. Animal models generating cortical malformations involve insults that disrupt normal
cortical development during these critical time points.
The methods of inducing cortical malformations in utero are irradiation (248), 1,2-bischloroethyl-nitrosourea (BCNU) injection (35), and methylazoxymethanol acetate (MAM)
exposure (21). Each of these methods reduces cortical thickness and some type of heterotopia is
generated (Fig. 1.4).
X-irradiation of embryonic rat pups in utero leads to the development of various degrees
of cortical malformations and architectural abnormalities in the neocortical areas that are similar
to those seen in some forms of cortical dysplasia in humans (159, 248). Dyslamination and lack
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of columnar organization are seen in multiple areas of the neocortex, as well as clustering of
neurons in the molecular layer. Studies have also shown that the cortical malformations
generated in these rats caused interictal epileptic discharges in a large number of these animals
(150, 159). It has been suggested that reduced inhibition due to both decreased GABAergic

neuronal populations and a reduced excitatory drive onto GABAergic cells is a major contributor
to hyperexcitability seen in this model (232, 247).
Injection of MAM also results in a thinning of the cortex and, if injections are done early
enough (E24 in ferret), disruption of radial glia (212). This model is characterized by an
extensive area of cortical dysplasia (282), poor response to anti-epileptic drugs (271), increased
sensitivity to various proconvulsant agents (60, 103) and heterotopia capable of independent
burst generation in vitro (20). No clear epileptogenic mechanism has been found in this model,
but excessive bursting behavior in pyramidal neurons within the cortical dysplasia have been
shown and could play a role in promoting epileptiform activity (258). The pathohistological and
physiological characteristics of the cortex in BCNU-exposed pups are similar to those in the
MAM model, including disruption of radial glia and decreased GABAergic drive onto pyramidal
neurons within dysplastic cortex (35).

As described previously, many cortical malformations are associated with gene
mutations/deletions and there have been many animal models that have been utilized to study the
effect of particular genetic manipulations. Two of the most studied genetic manipulations are the
TISH (telencephalic internal structure heterotopia) mutant rat, which has a double cortex (band
heterotopia), and the p35 knockout mouse, which has an inverted cortical lamination pattern
(Fig. 1.4). Spontaneous seizures have been documented in both models (169, 304). Evidence
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suggests that reduction of inhibition could contribute to the hyperexcitability in the TISH rat. A
study has shown that there is a decrease of inhibitory synaptic transmission due, in part, to a
decrease in the number of inhibitory afferents. This is because increasing the probability of
release with a low Mg2+/high Ca2+ solution fails to “rescue” the lost inhibitory function (293). A
concomitant decrease in one specific GABAergic cell population is also seen in this model (293).
Interestingly, in this model the epileptogenic activity is not apparent until two weeks after birth,
highlighting a hallmark of most epileptiform activity associated with cortical malformations: a
latent period between the malformation creation and the onset of seizures (293). This latent
period will be the topic of further discussion in a subsequent section of this chapter. Many
animal models utilizing genetic manipulation are used to create cortical malformations, but are
beyond the scope of this dissertation.
The animal models described thus far have generated cortical dysplasias and heterotopias.
The final cortical malformation modeled in the rat that will be discussed is microgyria.
Microgyria can be modeled in a number of ways. A light mechanical disturbance of the exposed
pial surface can cause a microgyral malformation (1, 2), as can exposure to methamphetamine in
utero (67). Two of the more commonly used methods of inducing microgyria are ibotenate
injection (190) and neonatal freeze lesion (86, 86, 137, 138). Injection of the glutamatergic
agonist ibotenic acid shortly after birth causes the death of cells in layer V-VI of the developing
rodent cortex (190). This manipulation produces a small sulcus in the brain, mimicking the
human condition of polymicrogyria (114, 190). Hyperexcitability similar to that seen in the
human condition is observed in cortical areas surrounding the lesion (243). The freeze lesion
model creates a similar malformation and will be considered at length in the next section.
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1.5 Polymicrogyria: Clinical Observations
What is Polymicrogyria?
Polymicrogyria (PMG) is a specific developmental neurological disorder with
characteristic histopathology: a four-layered or unlayered cortex that is characterized by an
abnormal arrangement of the cell layers and intracortical fiber plexus, and by an excessive
folding of the upper or all cellular layers under the continuous smooth molecular layer (115)
(Fig. 1.5A). The four-layered cortex is composed of the molecular layer, an upper dense cell
layer, a layer of low cellular density with horizontal myelinated fibers, and a deep cell layer
(194) (Fig. 1.5D). The neurons can be small and some have described them as immature (98).
The grey-white matter junction can be either sharp or histologically blurred by heterotopic
neurons or nodules (273). The cortical plate is thinner than normal, especially in infants and

newborns, but does appear thick in magnetic resonance scans because of excessive folding (23,
115) (Fig 1.5A).

Causes of Polymicrogyria
There are many well-defined genetic PMG syndromes (24, 142), but the majority of
PMG cases observed in the clinic are idiopathic. Further, although most PMG occurs as an
isolated cortical malformation, it can be related to other brain malformations including agenesis
of the corpus callosum, schizencephaly, microcephaly, or megalencephaly (142). While there
appear to be many causes, brain pathology consistently demonstrates abnormal development or
loss of neurons in middle and deep cortical layers (90).

	
  

	
  

20	
  

	
  
Extrinsic Factors Inducing Microgyria: A hemodynamic mechanism is commonly
proposed as a cause for the death of deep layer cortical neurons and subsequent formation of a
microgyria. This is because PMG is typically located in the perisylvian region and because of
many anecdotal reports of possible anoxic-ischemic injury in the second trimester (51). That
said, cortical vascularization in humans is not present before week 22 and PMG can be seen as
early as week 18. It has been proposed that PMG, from non-genetic causes, is the end result of

many events occurring at any time during neuronal migration before 18 weeks (148). Events that
have been associated with PMG include: Intrauterine cytomegalovirus infection; fetal cerebral
ischemia from placental perfusion failure; twin-twin transfusion; loss of a twin in utero; and
maternal drug ingestion.

Genetic Factors: Polymicrogyria has been associated with mutations of the SRPX2
(246), TBR2 (16), PAX6 (106), KIAA1279 (1), TUBB2B (141), GPR56 (228) , and RAB3GAP1
(6) genes. Developmental studies thus far have focused on the Pax6 pathway. The Pax6, TBR2,
and TBR1 genes are sequentially expressed in radial glia (PAX6), intermediate progenitor cells
(TBR2), and postmitotic neurons (TBR1). Disruption to this pathway leads to loss or altered fate
of large cortical neurons (90) and is associated with larger spectrum PMG syndromes (269).
Other chromosomal loci and genes have been identified in patients with different types of
polymicrogyria as part of complex syndromes, but the proteins and pathways associated with
those loci/genes have yet to be identified (81, 246).

Polymicrogyria and Epilepsy
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Up to 87% of patients with polymicrogyria have epilepsy (163) that typically develops

between ages 4 and 12 (1), but the latent period to first seizure can be as long as 80 years (284).
There is a broad spectrum of clinical manifestations associated with PMG. Some children have
very severe encephalopathies with quadriparesis, profound mental retardation, and intractable
epilepsy, while others with PMG are relatively ‘normal’ individuals with only selective
impairment of higher order neurological function (100).
Current advances in medical imaging have helped to identify this malformation as one of
the causative factors for epilepsies previously classified as idiopathic (22, 174). However, the
epileptogenic zone of this malformation is not always confined to the area of the visible
anatomical lesion. Hyperexcitable portions of cortex surround the lesion as well, making it
difficult to definitively assign boundaries to the “damaged” tissue (58). The extent of
polymicrogyria and the amount of cortex involved can vary greatly between individuals, but
there is usually a correlation between the size of the lesion and the severity of clinical signs and
EEG findings (283). This inability to locate the epileptogenic focus will be the focus of chapter
4 of this dissertation.

Introduction to the Freeze Lesion Model of Microgyria
First introduced in the late 1970s by Dvorak and Feit, the freeze lesion model of
microgyria mimics human four-layered histopathology (86, 87, 87). Their freeze lesion protocol
involves placing a freezing probe (-50oC) on a portion of the skull overlying the somatosensory
cortex in a neonatal rat pup (Fig. 1.5B and C). This creates an ischemic lesion that kills the
neurons present in the cortical plate at the time of lesion. This can be, depending on the age of
the animal, cells destined for the deep to middle layers (layers IV to VI) (252). Because neurons
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destined for the superficial layer are not destroyed by the lesion, the superficial layer develops,
but an invagination of the cortical surface develops around P5 (253). A microgyral region of
laminated cortex containing four, instead of six, cortical layers (86, 87, 252) forms and is
roughly as wide as the width of the freeze probe used (1 mm in most cases). The superficial

layers of the malformed region are histologically similar to normal neocortical layer I and II/III.
Under the superficial layers is a thin cell sparse layer that separates the superficial layers of the
malformation (MG) from the ‘deeper’ layers of the MG and the normally six layered laminated
cortex medial and lateral to the MG (131, 252). The ‘deep’ layer of the MG appears to be
variable in size and presence and not well characterized, but in most cases is contiguous with
layer VIb of normal cortex (Fig. 1.5C and E). This abnormal lamination is similar to the clinical
microgyria previously described (194).

Epileptogenity of the Freeze Lesion-induced Malformation
Studies published in the mid-1990s demonstrate that the resulting malformed cortex
induced by freeze lesion is consistently epileptogenic in rats (137, 184). These studies showed
that stimulation of the area of cortex adjacent to the malformation generates interictal-like
activity (137, 184) that has similar incidence in rats as humans with polymicrogyria (24, 137).
This area adjacent to the malformation is identified as the paramicrogyrial zone or region (PMR)
and appears, histologically, to be normal, six-layered cortex with Nissl stains.

Seizure Susceptibility
Evidence suggests that rats with freeze lesion-induced microgyria do not have
spontaneous seizures (129), but the malformation causes the rats to be more susceptible to
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seizures (260). When challenged with hyperthermia, freeze-lesioned rats (at P10) developed
seizures more quickly than control rats, and required a lower threshold temperature to achieve
the most severe seizures stage (generalized convulsions) (260). Further, freeze-lesioned rats
developed spontaneous seizures weeks after hyperthermia exposure, much earlier than control

rats (259). Because seizures can alter many intrinsic neuronal properties, as well as connectivity
of neuronal networks, this model serves as a helpful tool in determining the mechanisms of
epileptogenesis without the confound of overt seizures. It also serves to help evaluate the
propensity for seizures in the hyperexcitable brain.
It should be noted that not all kindling experiments demonstrate that the freeze-lesioned
brain is more susceptible to seizures. Inducing seizures by injecting bicuculline (antagonist for
inhibitory transmission), Kellinghaus, et al found control and freeze-lesioned rats had similar
thresholds for epileptiform activity (151). This suggests that the intrinsic excitability of the
malformed cortex was not increased. The conflicting results of the Kellinghaus and Scantlebury
studies highlight the importance of differentiating between kindling techniques and the timing of
the induction of the freeze lesion, the latter of which will be discussed at greater length below.
The cortical architecture, epileptogenicity, and seizure susceptibility outlined above
suggest that the freeze lesion model of microgyria is a useful model to study the human disorder,
polymicrogyria. In order to gain an understanding of the mechanisms proposed to be associated
with the development of epileptogenicity and increase seizure susceptibility, a review of the
cellular and subcellular alterations found in and around the microgyrus will be reviewed in the
section below.

Cellular Characteristics
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Origin and Classification of Cells within Malformed cortex: The cell dense, superficial

layer of the MG contains neurons generated on embryonic day 20, as well as those generated on
E17 (the date most neurons of the superficial layers are born)(253). This birth dating study
utilizing BrdU injections (labeling dividing, new born cells) at both pre- and postnatal ages
demonstrates three important aspects of the freeze lesion model. First, the freeze lesion does not
induce massive neuronal differentiation or proliferation. Secondly, the neurons that form the
malformation must either migrate through or around the lesioned area. Finally, the neurons of the
malformation are cells born after E15, consistent with the mechanism of selective cell death of
neurons in the cortical at the time of lesioning (those destined for deep layers). They also
confirmed that horizontal migration of deep layer neurons of adjacent normal cortex do not
invade the MG (253). There does appear to be some proliferative response to the injury, but the
newly-generated cells also stain for glial fibrillary acidic protein and thus are likely astrocytes
(131, 265).

Astrocytes: Astrocytes were found in and around the malformation in some of the earliest
publications utilizing this freeze lesion model (131). Reactive gliosis is the process by which
astrocytes show profound morphological and biochemical alterations in response to various
pathological conditions within the brain, for review see Pekney (226) and, not surprisingly,
reactive gliosis has been noticed in the malformation (45, 131). These astrocytes show signs of
having an altered potassium buffering capacity that may contribute to abnormal electrical
behavior in and around the malformation (45). Because astrocytes play a vital role of in vivo
ionic concentrations, it is logical to think that alterations to astrocytic function near and around
the malformation could play a role in the malformation’s hyperexcitability. Altered potassium
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buffering has also been demonstrated in astrocytes of brains associated with epilepsy-related
tuberous sclerosis in mouse (142). In this paradigm, astrocytes have a decreased inward

rectifying K(ir) current, suggesting poor potassium uptake that is likely secondary to a reduction
in mRNA and Kir channel subunit protein (142). The resulting excess extracellular potassium
may contribute to hyperexcitability by reducing the potassium gradient by preventing cells from
hyperpolarizing, thereby increasing their resting membrane potential.

Microglia: Like astrocytes, microglia respond to pathological conditions with
proliferation and ramification. Again, not surprisingly, activated microglia have also been
observed in cases of intractable epilepsy in humans, likely due to excitotoxic damage caused by
seizures (11, 44). Microglia activation can be a mechanism of the development and perpetuation
of hyperexcitability (321), in part due to inflammatory cytokine secretion (299, 300). To date, the
role of reactive microglia in the development of the hyperexcitability seen in the freeze lesion
model has not been studied directly, although the recruitment of these cells in early response to
the lesion has been noted (45).

Developmental delay and persistent presence of migration-essential non-neuronal cells:
There are number of alteration in cell types, particularly those associated with neuronal
migration, that suggest a developmental delay occurs in the freeze lesion model. Radial glia that
provide the scaffold for most neuronal migration during the perinatal days typically either die or
differentiate into other non-neuronal cell types by P12 (209), but are observed in lesioned cortex
up to the fifth postnatal week (252). The signals associated with the differentiation of radial glial
cells are thought to be important for the maturation of the cortex (189), and thus the presence of

	
  

	
  

26	
  

	
  
radial glial cells suggests the persistence of an immature state. In addition to the persistence of

radial glia, the normally transient Cajal-Retzius cells also persist in the malformed brain. These
cells have been shown to, in part, provide signaling cues for proper laminar organization and
connectivity (113) and are still present in the PMR cortex at P12 (277).
For these reasons, delayed maturity has emerged as a theme in the freeze lesion model, as
well as for focal cortical dysplasia in humans. In fact, what is known as the “dysmature
hypothesis” of cerebral development suggests that the abnormal characteristics of dysplastic
cortex bear some similarity to a normal prenatal time point, providing some idea of when
appropriate development deviated from the typical timeline (57). One prominent, if not
characteristic, feature of focal cortical dysplasia in humans is the presence of morphologically
abnormal cells, the large, aspiny balloon cells and cytomegalic neurons (57). Their similarity to
neurons that populate the preplate suggests that incomplete development has allowed them to
persist, even in mature cortex. These cell types, characteristic of human focal cortical dysplasia,
are not observed in the freeze lesion model, although some subtle alterations in cell structure are
seen. The superficial layers of the MG and PMR have pyramidal cells with simpler basal
dendrites than those seen in control animals (104). In contrast to that simplicity, layer V
pyramidal neurons of the PMR have apical dendrites that are longer than those found in control
cortex (79). These structural results suggest that the structural alterations to neuronal dendrites
depend on cell location and subtype. In addition to the idea that functional and anatomical
changes in malformed cortex can be dependent on the neuronal location and subtype, the
following section about the subcellular alterations found in neurons near the malformation
introduces how time can also play an integral role in the developmental of the physiological
characteristics of the malformed network.
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Subcellular Alterations in the Malformation
In addition to the alteration of specific cellular expression and structural characteristics,
the subcellular characteristics within neurons in and around the malformation are also altered by
freeze lesion. Receptors and ion channels are made up of specific subunits that can be
developmentally regulated and, depending on the subunit composition, can alter the intrinsic
properties of the neuron in which the receptors and ion channels are expressed. Errors in the
programmed receptor subunit composition development have been shown to increase cortical
excitability by either decreasing the inhibitory drive via altered GABAA receptor composition or
increasing the excitatory drive via glutamatergic receptor composition (28, 143). This section
will review the literature in the freeze lesion model that explores alterations to subcellular
composition of neurons within and adjacent to the malformation.

GABAA receptor composition: Redecker et at. has analyzed the optical density of
immunohistochemical staining for individual GABAA receptor subunits and shown a decrease in
all subunits, except the α3 subunit, in the malformed cortex (242). During normal development,
both the α3 and α2 subunits decrease their expression by the second postnatal week and are
replaced by the α1 or α4 subunit (166). Supporting Redecker’s observation, Defazio et al.’s
physiological experiments suggested that a persistent expression of α2 or α3 subunit is found in
the lesioned cortex, at the expense of α1 expression (75). In contrast to Redecker’s imaging
study, Defazio derived his conclusions from indirect evidence in malformed cortex showing
decreased sensitivity to application of zolpidem, a type-1 GABAA receptor agonist in an in vitro
slice preparation. Type-1 GABAA receptors express the α1 subunit, so a decreased sensitivity to
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Type-1 receptors suggests that the α2 or α3, but not α1, subunit were present in the recorded cells
(75). Autoradiography has also demonstrated decreased binding to GABAA receptors (all
subunits included) in the perilesional area, whereas normal binding levels are seen in the
surrounding cortex (319). These three studies suggest that the decreased expression of α3 and/or
α2 and increased expression of α1 and/or α4 is delayed while there may be an overall decrease in
the expression of GABAergic receptors around the MG.

Glutamate Receptor Composition: In addition to GABAA receptor composition alteration,
the composition of glutamate receptors is altered in the freeze lesion model. Specifically, it has
been shown that there is an increase in AMPA and kainite receptor binding (319), as well as
enhanced function of NR2B-containing NMDA receptors (76). Normally in development,
NMDA receptor composition undergoes a shift from only NR2B in the embryonic brain to a
combination of NR2B, NR2A, and NR2C by the end of the first postnatal week. A selective
increase in immunoreactivity for NR2B has also been shown in animals with in utero freeze
lesions(280). Additionally, electrical stimulation kindling exposure further increased the NR2B
expression. This data is consistent with tissue taken from patients with epilepsy secondary to
focal cortical dysplasia, who also showed increased levels of NR2B expression (92). In normal
tissue, the developmental shift from NR2B to NR2A/C has been suggested to decrease the
excitability associated with the NMDA receptor (315), consistent with the end of the critical
period of plasticity for cortical information processing (123). A persistent expression of NR2Bcontaining NMDA receptors in lesioned cortex not only provides further support for the
maintenance of immature cortex theory, but could also play a role in the hyperexcitability of the
malformed cortex. Neurons within periventricular nodular and subcortical band heterotopias also
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have downregulated NR2B expression (92). Additional and more targeted experiments (specific
laminar and cell type comparisons as well as additional time points) are needed to determine the
role that glutamate receptor expression and composition plays in the development of
hyperexcitability, but evidence suggests that expression and composition of both NMDA and
AMPA receptors can be altered due to cortical malformations.

Subcellular Composition Changes in PMR Contribute to Intrinsic Properties Changes
Many ionic transporters and channels determine the intrinsic properties of neurons within the
cortex. Alteration of these proteins can have a drastic effect on the intrinsic properties of neurons
and such alterations have been linked to a number of different epilepsies (29, 55). This section
will describe the studies examining the expression of some of these proteins in malformed cortex
and whether the intrinsic properties of neurons within the malformed cortex are altered as a
result.
The cation-Cl- cotransporters, NKCC1 and KCC2, which are essential for proper GABAergic
responses in the mature cortex, are expressed differently within but not outside of the cortical
malformation during the first postnatal week (265). Another ionic transporter, Na/K ATPase
plays a critical role in maintaining the normal resting potential of cells by actively transporting
Na+ out and K+ into the cell. Layer V pyramidal neurons near the malformation (<360 from
microgyral edge) show a decrease in the expression of the α3 isoform of the Na/K ATPase at
from P14 to P28. Another molecule important to the intrinsic properties of neurons is the
hyperpolarization-activated non-specific cation (HCN) channel that plays an important role in
the hyperpolarizing activated current Ih. This current is important in modulating action potential
frequency (204) and dysfunction of this current has been linked to a number of hyperexcitable
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models (146, 231), including the freeze lesion model (5). This alteration is suggested to

contribute to hyperpolarized resting membrane potentials and increased input resistances in layer
V pyramidal neurons of the PMR (5). In addition to the intrinsic properties of pyramidal neurons
of the malformed cortex, both FS and LTS interneurons of the malformed cortex also appear to
have altered intrinsic properties (102), but a subcellular mechanisms for this alteration is not yet
known.
These changes to neuronal neurotransmitter receptor subunit composition and intrinsic
properties in malformed cortex highlight the importance of the developmental timing in studying
alterations within the malformed cortex. Correlating the timing of alterations found in malformed
cortex with the timing of seizure susceptibility is important for understanding the mechanisms
associated with hyperexcitability and is a continuous theme in this dissertation.

Anatomical and Functional Connectivity Changes in Malformed Cortex
The malformation induced by freeze lesion has been shown to disrupt the normal
anatomical connections to and from the malformed cortex, surrounding areas, and projectional
structures like the thalamus. These studies utilize dye injection (typically dextran), which
retrogradely labels cells connected to the site of injection. These studies show that
thalamocortical fibers, commissural fibers, and afferents from local pyramidal cells demonstrate
abnormal organization in and around the microgyrus.

Commissural Fibers: Injection into the site of the lesion caused retrograde labeling of
cell bodies of the contralateral infragranular cortex, whereas injection into homotopic areas in
control produced labeling of the contralateral supragranular cortex (105). This finding suggests
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that the interhemispheric projections into perilesional regions come from deeper layers than they
do normally. Interestingly, when injections were made in the hemisphere without lesion, the
retrogradely labeled neurons were found in the deep layers of the contralateral cortex instead of
the normal labeling of superficial layers (104). These two studies suggest that there is a shift
toward the deeper layers of cortex for both the origin and targets of commissural fibers. Callosal
efferents from the lesioned area also showed an increase in the density of their projection to
heterotopic areas of cortex, as well as (in a few cases) decreases in some homotopic projections
(250). This study also found that projections from homotopic regions in the hemisphere opposite
to the malformation terminated most often in the medial portions of the microgyrus or avoided it
entirely (250). Other studies have looked specifically at the size of the corpus callosum and
found that bilateral lesions reduce corpus callosum size, particularly when lesions are done on
P1, not P3 or P5 (288). This finding suggests that interhemispheric connections can be
decreased, particularly when lesions are made perinatally. All these commissural fiber studies
suggest that the anatomical connectivity between hemispheres is altered in the freeze lesion
model. The functional significance is not well understood, though one study found that
inhibition, as measured by paired pulse inhibition, is reduced in the contralateral cortex, perhaps
because of a reduction in excitatory commissural afferents onto inhibitory neurons (263).

Thalamic projections/afferents: Neurons from the ventrobasal (VB) nuclei of the
thalamus carries somatosensory information into somatosensory barrel cortex and thus is a major
source of afferents. Many studies in the freeze lesion have looked at alterations in anatomical
connections between the lesioned cortex and the thalamus and found them to be changed. Rosen,
et al. (250) noted that there are not many connections between the VB and MG, but the area
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adjacent to the MG has a dense plexus of thalamocortical fibers at the border between the
malformed and normal cortex. Barrel cortex is characterized by a ‘barrel’ wall of high cellular

density with a high fiber density center that responds to a specific whisker on the rat. This barrel
(or barreloids, barrelettes in subcortical structures) organization is maintained throughout the
entire somatosensory pathway. Placement of a freeze lesion into the barrel field causes changes
to the architecture of the barrel field, as well as to the contralateral barrel field (254). This
distortion consists of a near absence of barrels as denoted by CO activity in the superficial layers
of the microgyrus and dense areas of continuous, as opposed to punctate, CO activity in tissue
adjacent to the microgyrus (254). In addition to a disruption in CO staining, Jacobs, et al., also
reported an increase in CO staining in the cortex surrounding the MG (139).

Other anatomical alterations: The distribution of neuronal size in the MGN is altered in
male rats, resulting in more small neurons and fewer large neurons. This effect is not seen in
females, but can be induced in females by injecting testosterone from E16 to P5 (124).

Functional alterations in malformed cortex: Clearly the cortical malformation induced by
freeze lesion creates functional changes in the neuronal networks near and adjacent to the
malformation, as evidenced by the presence of evoked epileptiform activity. What functional
change(s) are responsible for this hyperexcitability is not clearly understood, but, in addition to
the previously described cellular and subcellular changes, alterations to the functional
connectivity of inhibitory and excitatory circuits have been demonstrated, as well as changes to
plasticity mechanisms.
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LTP: Two methods for generating long-term potentiation in the cortex are: (1) high

frequency stimulation of layer IV; and (2) high frequency stimulation of layer VI in the presence
of low concentrations of bicuculline (GABAA antagonist). Interestingly, LTP is differentially
altered in the freeze lesion model such that layer IV LTP cannot be obtained at all, while a
NMDA-dependent LTP can be generated in layer VI without the presence of disinhibition (1).
These results suggest that functional afferent reorganization occurs in this model and it may be
layer dependent.

Enhanced Excitatory Connectivity: Local excitatory circuitry can be enhanced if there is
an increase in excitatory afferents onto excitatory neurons. In the PMR cortex, increased
miniature excitatory postsynaptic current (mEPSC) activity is seen compared to control. This
suggests that excitatory afferents are functionally increased (140). This increase occurs between
the first and second postnatal week when one sees an increase in both miniature and
spontaneous(s) EPSC frequency from P7 to P11(320). This is prior to the onset of epileptiform
activity at P12 (138) and suggests that this increase in excitation may contribute to the onset of
epileptogenesis. While the increase in mEPSC frequency suggests that there may be an increase
in excitatory afferents to the PMR, there is also the possibility that there is an increased release
probability (320). Evoked EPSCs are also multi-peaked and have larger amplitude and greater
area in PMR, which provides further support of the idea of increased excitatory input to this area
of cortex (320).

Excitatory Connectivity and the Spatial Extent of Activation: Stimulation of the cortex
adjacent to the malformation (~0.5-2.5mm from the MG but not within it) can evoke local field
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potential epileptiform activity. This activity can spread across the cortex many millimeters.
However, stimulation at distant sites from the MG (+3 mm away) does not evoke epileptiform
activity, suggesting that there is a specific portion of cortex that is hyperexcitable. The

spatiotemporal dynamics of evoked epileptiform in this model is a focal point of this dissertation
and greater discussion will take place in a subsequent section, but it is also interesting to note
that the malformation itself is not necessary for epileptiform activity to be elicited (138).
Voltage sensitive dye experiments have shown that stimulation of cortex adjacent to the
malformation elicits a response that extends to a larger horizontal area and that the increased
excitatory response is due, in part, to the proposed persistent expression of NMDA receptors
containing NR2B (19). This is because NR2B antagonism restricts the spatiotemporal spread of
activity in the PMR.

Inhibitory Circuitry: Inhibitory circuitry surrounding the malformation caused by freeze
lesion is also altered. However, there is conflicting data on whether inhibition is impaired or
enhanced. Luhmann, et al has shown a decrease in GABAA receptor mediated inhibitory
transmission in layer II/III pyramidal neurons of the PMR cortex, possibly due to weaker
inhibitory input onto the GABAergic cells (181), whereas another study showed that, for a subset
of pyramidal neurons in layer V of lesioned cortex, evoked IPSCs were actually enhanced (140).
When glutamate transmission was blocked in this latter study, the eIPSCs returned to control
levels, suggesting that the increase in eIPSC was due to increased excitatory input of inhibitory
cells. Additionally, mIPSC frequency in layer V neurons of PMR cortex is not altered,
suggesting that if release probability at those terminals is maintained, there is not an alteration in
the overall number of inhibitory synapses (140). The role of this altered inhibitory circuitry in
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generating the hyperexcitable PMR cortex is not clearly understood, but selective loss of
inhibition from FS cells has been implicated in the longer duration / larger spread of multi-unit
activity (MUA) in layer IV caused by stimulation of the VB in thalamocortical slices (276).

These differing results suggest that inhibitory circuitry alterations in malformed cortex might be
dependent on the cell type and location (near or far from malformation as well as laminar
position).

Glial Function: Glia, particularly astrocytes, play an essential role in neuronal health and
neuronal circuit maturation (7). As stated before, both the proliferation and activation of
astrocytes appear to be altered in the freeze lesion model. In addition to those changes, there is
evidence that suggests the functional properties of astrocytes may be altered. It has been shown
that preventing glutamate transport, particularly in glial cells, enhances excitability in lesioned
animals (53). This finding suggests chronic deficits in glutamate transport, potentially in
astrocytes, can contribute to hyperexcitability of the PMR. More results are needed to know how,
when, and where astrocytic function is altered in order to fully understand the role that astrocytes
play in the maturation of the hyperexcitable, malformed cortex.

Behavioral Effects
The previous section has outlined the cellular, subcellular, and connectivity alterations
found in and around the freeze lesion-induced microgyria. This section will describe some of the
behavioral changes that are associated with polymicrogyria and presumably related to the
alterations just described. Polymicrogyria has been associated with a number of behavioral
deficits including dyslexia (100). To explore the role that the freeze lesion-induced malformation
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plays in auditory processing, the Rosen lab has done many behavioral studies in freeze-lesioned
rats (124, 224, 225, 286, 287). In the first of these studies, they found that the freeze-lesioned
rats had fast auditory processing impairment. They came to this conclusion because their ability
to distinguish small silent gaps in a background of white noise was diminished (124). They have
also found that as the severity of the malformation increases, the auditory deficits increase(225)
and that the most severe auditory deficits occur from perinatal lesions instead of lesions after P3
(286). Subsequently, they have shown that early acoustic discrimination experience ameliorates
the auditory processing deficits caused by the malformations (285). Another lab has also shown
that lesioned animals show mild spatial memory cognitive deficits compared to unlesioned rats
via their performance in the Morris Water Maze (259). Luhmann, et al. has assessed
somatosensory function by looking at thigmotaxis (whisking) of the contralateral (from
malformation) whiskers (180). Mice lesioned during adulthood showed increased scanning of the
whiskers that were represented in the lesioned barrel field, suggesting that it may be indicative of
increased excitation in the damaged cortex or a compensatory response to decreased cortical
activity. This increased thigmotaxis resolved within one week of lesioning and other assays, such
as location and exploration of a novel environment, showed no difference (180). Rats with
lesions to the temporal associational cortex at P4 had visual discrimination deficits that were
more severe than those with lesions induced at P10(158).

Sex Differences in Behavioral Deficits: An interesting caveat to the auditory deficits
found in the Rosen studies is that there is a sex bias, such that males exhibit the auditory deficits
but females do not (94). There is no baseline bias, as male and female sham rats perform the task
equally well (94). To assess whether hormonal differences provided the female rats with an

	
  

	
  

37	
  

	
  
advantage, male rats were injected with estrous, but the deficits persisted (225, 251).
Testosterone administration in the female rats, however, did appear to contribute to differential

cellular effects, but did not have behavioral effects (251). These results suggest that there may be
a sex bias in certain behavioral deficits associated with the freeze-lesioned rat but the role that
hormones play in this bias is unclear.

1.6 Postnatal Maldevelopment: Timeline of Hyperexcitability
Introduction
Most literature about the freeze lesion model is on the adult or late adolescent rat, thus
most of the knowledge gained from those studies is important for the understanding of the
mechanisms of innate hyperexcitability, but not as useful for understanding the mechanisms of
the development of hyperexcitability. Because most seizures resulting from cortical
malformations are intractable and there is a latent period until seizures become evident, this
model is perhaps best utilized by examining how and when hyperexcitability evolves. With
imaging techniques becoming more sophisticated (148), clinicians may have the ability to
identify patients with malformations prior to the development of hyperexcitability and thus
prevent seizures and the possibility of life altering resection surgeries.

The Latent Period
The latent period between the insult to the brain and the onset of epileptiform activity has
been described in many epilepsy models, including kindling and developmental cortical
malformation models (64, 138, 293, 317). The length of the latent period can depend on many
factors, including the location, timing, and severity of injury (68, 125, 309), but the identification
of the latent period is dependent on the ability to accurately detect epileptiform activity. These
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measurements are restrained by both the recording method and the amount of seizure monitoring
(83).
Persistent temporal lobe epilepsy is modeled in animals by kindling the animals by a
number of different methods, including pilocarpine injections and high frequency stimulation.
These models display a latent period between the kindling and the onset of persistent motor
seizures that ranges from several days to months (40, 41, 46, 110, 121, 122, 193) . There are two
prevailing hypotheses associated with the latent period of temporal lobe epilepsy models: the
traditional view is that seizures arise suddenly after a period of time, whereas the more modern
view is that seizures frequently arise gradually at first, then more rapidly for review see (83). It is
known that interictal epileptiform activity cannot be evoked in the microgyria model until P12
(138) but whether there is a gradual and sudden development of hyperexcitability is not known.
Epilepsy associated with human cortical malformations is also sometimes delayed in
onset (4, 26, 157, 222, 284) and animal models replicating the human malformations have also
shown a latent period between time of insult and epileptiform activity onset: undercut model (1533 days) (128); freeze lesion model (12 days) (139); and TISH mutant (30 days) (293). With the
exception of the undercut model, the latent periods are from the date of birth until the first
epileptiform event. This means that in each of these models, maladaptive plasticity occurs during
a critical period of cortical development that involves both the migration of cells and
synaptogenesis. Understanding the mechanisms and timing of maladaptive plasticity is then key
to helping prevent the onset of seizures in newborn and children with developmental cortical
malformations.

Critical Mechanisms During First Two Postnatal Weeks of Cortical Development
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As previously noted, the latent period between insult and epileptogenicity is 12 days in
the rat freeze lesion model of microgyria. This section will isolate several important
developmental steps during those first two postnatal weeks that evidence suggests are

erroneously affected by the freeze lesion and can help explain the development epileptogenicity.
GABAA-mediated Depolarization in Early Cortical Development: GABAA depolarizes
and excites immature neurons in many mammalian species because the concentration of
intracellular chloride is higher relative to mature neurons (33) and activation of the GABAA
receptor causes an outward (instead of inward) flow of chloride ions. The developmental shift
from an outward to an inward current is dependent on the expression levels of the chloride cotransporters NKCC1 and KCC2 (for review see Ben-Ari (34)). KCC2 is rarely expressed in the
immature neuron but is gradually upregulated starting around ~P10 (89). NKCC1 expression
spikes in the first postnatal week and is followed by a gradual decrease in adolescent neurons
(89). It is thought that GABAergic membrane depolarization is a key regulator of several
features of early circuit development (3). This notion comes from studies that manipulated the
expression of KCC2 and NKCC1. Early expression of KCC2 in the Xenopus tadpole retinotectal
system prevented the normal maturation of glutamatergic synapses and caused an increase in the
expression of inhibitory synapses (62). Knocking down expression of NKCC1 in hippocampal
neurons severely impaired the synaptic and morphological development of the immature neurons
(101). In the freeze lesion model, the expression of cation-Cl- cotransporters, NKCC1
(upregulated) and NCC2 (downregulated) has been shown to be altered within the first week post
lesion, suggesting the transition from excitatory to inhibitory of GABAergic neurons could be
affected prior to the onset of epileptiform activity at P12 (265). It should be noted that NKCC1
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and NCC2 expression returns to normal levels later in development in the malformed cortex but
the functional role the altered expression in immature plays is unknown.

NMDA receptor subunit transition: As previously described, it is well established that a
switch from predominately NR2B-containing to NR2A-containing synaptic NMDARs normally
occurs in the somatosensory cortex in response to experience during the first two weeks of
postnatal development (25, 297). Delayed conversion from NR2B- to NR2A-containing
NMDARs have been implicated in a number of models of cortical malformation associated with
hyperexcitability (92) including the freeze lesion model (18). However, the time course of NR2B
expression in and around the microgyrus before epileptogenesis is not known. Additionally, the
role that the delayed conversion from NR2A to NR2B plays in seizure susceptibility is not
known.

Synaptogenesis and Dendritic Arborization: During the end of neuronal migration and
early postnatal development, neurons rapidly make functional connections with synaptic partners
via experience-dependent plasticity mechanisms (91), (8, 36, 59). This process causes the rapid
development of receptive fields (275) through many developmental steps, including: extension of
axonal afferents; dendritic morphology development; spinogenesis; and unsilencing of functional
synapses (12, 73, 179, 305). In the anatomical connectivity of the malformed cortex section, the
abnormal connectivity of both the afferents and efferents to and from the malformed cortex was
outlined. The timing of the development of these abnormal anatomical connections and how they
contribute to seizure susceptibility is not known.
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The Latent Period and the Freeze lesion Model of Microgyria

The latent period of the freeze lesion model is known to be 12 days, but an understanding
of the mechanism(s) that develop(s) between the induction of the malformation after birth and
the onset of epileptiform activity on P12 is unknown. The introductory sections in this
dissertation about the microgyria demonstrate that very little research has been conducted on the
freeze-lesioned cortex during the first two postnatal weeks. The following paragraph will
organize the previously presented information to highlight what is known about alterations in
malformed cortex prior to P12.
Epileptiform activity cannot be elicited in malformed cortex until P12 (138), but
susceptibility to hyperthermia-induced seizures increases as soon as P10 (260). It is known that
the frequency of mEPSCs increases abruptly between P9 and P10 in layer V pyramidal neurons
in the PMR (320), which suggests a rapid increase in functional excitatory afferents at that age.
The ionic gradient within cells is set in part by the Na+/K+ ATPase. Disruptions to this protein
can contribute to epileptogenesis and changes to the Na+/K+ ATPase have been shown in the
malformed cortex but only after P14 and not between P7 and P14. The final study that examines
possible mechanisms of epileptogenesis during the first two postnatal weeks is the Clcotransporter study, which shows a misregulation of both Cl- cotransporters. From these three
studies we can conclude that prior to the onset of epileptogenesis: (1) excitatory afferents
increase abruptly between P9 and P10 (320); (2) intrinsic ionic homeostatic mechanisms do not
appear to be altered (until after P14) (61); and (3) the regulation of cation-Cl cotransporters
appears to be altered as early as P7, particularly in the abnormal lamination within the
malformation (265). What is not understood is whether these mechanisms and other unknown
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mechanisms occurring during this period affect the susceptibility to and/or characteristic seizurelike activity or prior to P12.
The first two chapters of this dissertation will specifically address the following
questions:
1) Does the immature, malformed cortex have a greater susceptibility for seizure-like events
during the latent period between malformation creation and epileptiform activity onset?
And if so, does the timing of acquired susceptibility correlate with the timing of known
altered properties in the malformed cortex?
2) What role does development play in the characteristics of seizure-like events in both the
malformed and control cortex?

Epileptogenic Focus in the Cortical Malformation of Microgyria
In the new definitions for the classifications of seizures, Berg, et al. defined focal
epileptic seizures as
…conceptualized as originating within networks limited to one hemisphere. They
may be discretely localized or more widely distributed. For each seizure type,
ictal onset is consistent from one seizure to another, with preferential propagation
patterns. (38)
There have been documented cases of patients with focal seizures consistently originating
from specific brain locations (i.e. somatosensory, auditory, visual, and associational
cortices) which cause specific functional disruptions (tingling (256), auditory(63), and
visual hallucinations (42)). Many of these types of focal seizures are associated with
focal, developmental cortical malformations such as heterotopias and polymicrogyria
(24). However, not all focal seizures associated with developmental cortical
malformations are initiated within the malformation. The fundamental question is what
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are the differences between a malformation that is the epileptogenic focus and one that is
not.
Understanding the differences between an epileptogenic and non-epileptogenic
initiating malformation is essential for the treatment of patients suffering from intractable
seizures (219, 241). For many of these patients, surgical resection is the only hope of
becoming seizure free but the volume of tissue resected must be restricted to prevent
behavioral or cognitive deficits. Imaging technology has allowed for greater resolution of
malformations associated with seizures (24, 148), but our current understanding of how
the malformation characteristics (time of creation, size, location) affect the epileptogenic
focus is minimal.

Polymicrogyria and Uncertainty of the Epileptogenic Focus
Studies examining the efficacy of surgical resection for patients with polymicrogyria
appear to identify multiple populations: some that respond to surgical resection of the
malformation (156), others that do not and only have their seizures abated by resection of a much
larger area (50) (270). In the freeze lesion model, multiple populations might also exist – one
population of animals with a epileptogenic focal region adjacent to malformed cortex (138) and
one population with a highly focal epileptogenic malformation (244). The main difference
between these populations is the timing of the freeze lesion. The hyperexcitable PMR arises from
lesions on P1 and the hyperexcitable malformation arises from lesions on P0 (102).
In clinical populations, the timing of brain lesions can have a drastic affect on the severity
of functional deficits (223). There are critical periods for topographical specificity and if lesions
occur before these periods, cortical representations can primarily develop in brain regions
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different from the usual adult topography. That said, evidence suggests that these plasticity
mechanisms are dependent on the timing of the insult, as well as the affected brain region or
functional system (145, 162).
The timing of the freeze lesion has been shown to affect the histopathology and

epileptogenicity of the malformed cortex and also alter behavioral deficits in malformed animals.
There appears to be a window of time in which a freeze lesion will produce a four-layered
microgyrus with pronounced reductions in brain weight and corpus callosum volume. Freeze
lesion in utero does not produce the characteristic four-layered microgyrus, but does produce an
epileptogenic cortex with cellular abnormalities consistent with human focal cortical dysplasia
(1). Freeze lesion after P3 (P5 specifically) also does not produce the characteristic four-layered
microgyrus (286,,288), nor does it reduce brain weight and corpus callosum volume. The
behavioral deficits associated with the four-layered microgyrus are also seen in animals with P5
freeze lesions, but they do not persist in adulthood as they do in P1 freeze-lesioned animals
(286).
P0 to P3 freeze lesion does produce the characteristic four-layered microgyrus (87, 252,
288) but whether subcellular, network, and/or epileptogenicity characteristics are different
depending on the timing of the freeze lesion within that three day period is not known.
Considering there are differences at P0 and P1 in the presence of excitatory neurons (133) and
could be differences in the presence of different subtypes of inhibitory neurons (54, 202, 203),
functional differences should be expected to be seen between the P0 and P1 induced
malformation. Most studies either freeze lesion on P0 or P1 but disagreement on the definition of
a postnatal day makes understanding what day freeze lesions were done difficult. In some studies
(76, 77), the first day of life is considered postnatal day 1 or P1, while most, including this study,
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considers the first day of life postnatal day 0 or P0. Some studies don’t differentiate between P0
and P1 but rather state freeze lesions were done within 48 hours (140, 276).
Due to the lack of specificity and variability in reporting of freeze lesion date, developing
conclusions on whether the P0 and P1 lesion alters the subcellular, network, and epileptogenicity
characteristics is difficult. However, two studies examining the susceptibility to seizures may
provide preliminary evidence that the P0 and P1 lesioned cortex varies in susceptibility to
seizures. One group has shown that P0 lesioned animals are not more susceptible to bicuculline
induced seizures (151), whereas another group has shown that P1 lesioned animals are more
susceptible to hyperthermia induced seizures (260). The possibility exists that the different
results could be explained by their methods of inducing seizures, but it does provide evidence
that functional differences may exist between P0 and P1 lesioned cortices. As previously stated,
the epileptogenic focus or initiating site may be different depending on the age of freeze lesion.
Studies utilizing P1 freeze lesion find that the site of epileptiform event initiation is the cortex
adjacent to the malformation and epileptiform activity can be initiated even when the
malformation is mechanically separated (138). In contrast to that study, a study utilizing P0
freeze lesion found that nearly 100% of evoked and spontaneous generated epileptiform events
originated within the malformation itself (245). Considering more than 60 studies have used the
perinatal freeze lesion to study epileptiform activity associated with a developmental cortical
malformation and the model continues to be an important model to study polymicrogyria, more
needs to be understood about the differences between the P0 and P1-induced malformation.

The third chapter of this dissertation will specifically address the following question:
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1) Are network and epileptiform activity characteristics, i.e. site of epileptogenesis and

propagation rate of epileptiform events, different in the P0- and P1-lesioned cortex and if
so, what possible mechanisms could explain the differences?

1.7 General Methods

Freeze Lesion Protocol
On postnatal day (P) one (Chapters 2, 3, and 4) and/or postnatal day zero (Chapter 4),
Sprague Dawley rat pups were anesthetized in ice for ~4 minutes. When movement and response
to tail pinch ceased, an incision was made through the scalp. With the skull exposed, a freezing (50° C) rectangular probe (tip size = 2 X 5 mm) was placed over the somatosensory cortex for
five seconds. The scalp was then sutured and the pup was placed under a heat lamp to warm, and
~10 minutes later returned to the dam. For a detailed description of procedure see Jacobs, 1996
(137).

Brain Extraction and Slice Preparation
Between P7 and P38, rats were anesthetized with pentobarbital (55 mg/kg i.p.) or
isoflurane exposure and decapitated for brain removal. Once the brain was removed it was
immediately chilled in sucrose-modified artificial cerebral spinal fluid (aCSF) containing: (in
mM) 2.5 KCl, 10MgSO4, 3.4 CaCl2, 1.25 NaH2PO4, 234 sucrose, 11 glucose, and 26 NaHCO3.
Coronal 400 µm thick slices were cut in modified aCSF with a 1000plus vibratome. Once cut,
the slices were placed in an oxygenated normal aCSF containing: (in mM) 126 NaCl, 3 KCl, 2
MgCl2, 2 CaCl2, 1.25 NaH2PO4, 10 glucose, and 26 NaHCO3. The slices remained in this
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solution at 34° C for 30-45 minutes and at room temperature thereafter until placed in the
recording chamber.

Electrophysiological Recordings
Slices were placed in an oxygenated interface chamber with 34° C normal aCSF flowing
over the slice. In order to observe the activity of many cortical neurons in both control and
malformed cortex, field potential recordings were used in the studies contained in this
dissertation. They were made using glass micropipettes (2-8 MΩ, 1 M NaCl), placed within
superficial layers (II/III) ~1 mm lateral to the microsulcus in PMR or in homotopic control
(unlesioned) cortex. For extracellular stimulation, a concentric bipolar electrode was placed at
the interface of white and gray matter directly beneath the recording site, such that these two
electrodes were in a plane orthogonal to the pia. A normal cortical response can be seen in figure
1.6A. In this local field potential trace, a stimulus artifact is followed by a short latency response
that is reflective of activity of many excitatory cortical neurons.
Both spontaneous and evoked epileptiform activity were generated in malformed and
control cortex using low magnesium aCSF. Low threshold stimulation of epileptiform activity
was utilized in the experiments contained in both chapters 2 and 4 to initiate epileptiform
activity. This extracellular stimulation elicited two types of evoked epileptiform activity:
interictal (Fig. 1.6B) and ictal-like (Fig. 1.6C,D) activity. Interictal-like activity was
characterized by a slow, large all or none depolarization shift (Fig. 1.6B). In contrast, ictal-like
activity was faster (Fig. 1.6C) and at times repetitive (Fig. 1.6D). Local field potential recordings
of spontaneous epileptiform activity were used in chapters 3 (Fig. 1.6E) and 4 (Fig. 1.6H). Two
distinctive spontaneous epileptiform events could be distinguished using continuous local field
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potential recordings: seizure-like events (Fig. 1.6F) and continuous repetitive ictal-like activity

(Fig. 1.6G). Because of dye bleaching and toxicity, long recordings of spontaneous epileptiform
activity was not possible in chapter 4 but constant monitoring of the field potential allowed for
identification of when epileptiform activity began and ended. This meant we were able to use
spontaneous epileptiform events that were always the initial event of a seizure-like event (Fig.
1.6H).

Voltage Sensitive Dye Imaging
Voltage sensitive dye imaging was used in chapter 4 to visualize cortical activity over a
large spatial area. We used the absorption dye RH-765 which is a lipophilic dye that embeds
itself in the membrane of neurons and changes its spectral properties when membrane potential
changes. For absorbance measurements, slices were illuminated with a tungsten-halogen 100-w
lamp passed through a band-pass filter (705 +/- 30 nm, Chroma Technology). The transmitted
light was passed through a 4X objective and collected with a Wutech H-469IV photodiode array
that is part of the Redshirtimaging integrated Neuroplex II imaging system (176 µm resolution
between diodes). The data were acquired and analyzed using variable normalization with
Neuroplex software and epileptiform activity was confirmed by a simultaneously record field
potential (Fig. 1.6H – dotted line = LFP, solid line = optical trace). The optical responses for
each diode were converted into a heat-mapped image that had a scale from blue to red which
corresponded to 0% to 100% of the maximal response at each individual diode.
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Figure 1.1 Timing of Neurogenesis in Rat: A) Low power images of the developing neural tube
at E12 to the emergence of the cortical layers at E21 B) The separation of the subplate (SP),
cortical plate (CP), intermediate zone (iz), and subventricular zone (sv) and eventual thickening
of the cortical plate from E14 to E20. C) The day of origin for neurons destined for the five
major cortical layers. Vertical axis = the percentage of total neurons destined for each designated
layer. All figures taken from Bayer & Altman, 1991.
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Figure 1.2 Cortical Radial Migration: A) Cartoon sketch of typical radial migration of newly
born neurons from the subventricular zone to the cortical plate (taken from Nadarajah, 2002). B)
A summary of the identified molecules associated with different aspects of proper radial
migration (taken from Marin, 2003). C) The cell location of E14 to E19 BrdU stained neurons
at P0, P1, and P6 (taken from Ignacio, 1995).
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Figure 1.3 Interneuron Neurogenesis and Tangential Migration:
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A) A basic cartoon of

interneuron neurogenesis and migration with the guidance molecules that are associated with
proper tangential migration (taken from Powell, 2004). B) The birthdays and final destinations of
interneuron populations originating from the two main sites of interneuron neurogenesis: medial
ganglion eminence (MGE) and caudal ganglion eminence (CGE). C) The laminar position of
interneurons stained with BrdU at E12.5 and E16.5 at P1, P3, P5, P7, and adult ages (B and C
taken from Miyoshi, 2011).
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Figure 1.4 Five Types of Developmental Cortical Malformations: A) Perinatal insults to the
developing cortex, BCNU and MAM injections as well as perinatal irradiation, create heterotopic
lamination. B) Genetic knockout of TISH and p35 genes create a band heterotopia (TISH) and
inverted cortical lamination (p35) malformations (taken from Benardete, 2002; Baraban, 2001).
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Figure 1.5 Human Polymicrogyria and Freeze Lesion Model of Microgyria: A) Clinical
examples of polymicrogyria: (g) surface of gross brain illustrating the multiple, abnormal
gyriations (taken from Barkovich, 2001), (n) MRI localization of polymicrogyria, and (o) global
example of polymicrogyria (n and o taken from Guerrini, 2008) B and C) Illustration of the
freeze lesion method that kills neurons present at the cortical plate (B) followed by superficial
layer migration to create a malformed invagination (C). D and E) The resulting four-layered
malformed cortex (E) is histopathological similar to the microgyrus seen in patients with
polymicrogyria (D, taken from Robain, 1996). F) Stimulation of the area adjacent to (but not
within) the sulcus has been shown to be capable of evoking epileptiform events after P12
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Figure 1.6 Types of Epileptiform Activity in Low Magnesium aCSF Recorded for Dissertation
A-D) Examples of evoked cortical responses - (A) Normal evoked response: a stimulus artifact is
followed by a short latency response that reflects the activity of pyramidal neurons (B) Interictallike event: a slow but large, all or none epileptiform event (C-D) Ictal-like events: fast and at
times repetitive (D) epileptiform events E-G) Examples of spontaneous epileptiform events - (E)
A 100 minute field potential recording of the development of spontaneous epileptiform activity
in control P12 cortex. Two distinct types of epileptiform activity can be generated: seizure-like
events (SLEs) (F) that can be divided into tonic (green arrows) and clonic phases (purple arrows)
and continuous repetitive ictal-like (CRI) activity (G). H-J) Visualization of the spatial-temporal
characteristics of epileptiform activity with voltage sensitive dye imaging – (H) Epileptiform
activity confirmed with field potential recording (dotted line) is recorded by a large diode array
(I). The optical traces can be converted into a heat mapped image which represents depolarized
states in reds and oranges and hyperpolarized or resting potential states as greens and blues (J).
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Chapter 2
Early Susceptibility for Epileptiform Activity in Malformed Cortex

Abstract
Despite early disruption of developmental processes, hyperexcitability is often delayed
after the induction of cortical malformations. In the freeze lesion model of microgyria, interictal
activity cannot be evoked in vitro until postnatal day (P)12, despite the increased excitatory
afferent input to the epileptogenic region by P10. In order to determine the most critical time
period for assessment of epileptogenic mechanisms, here we have used low-Mg2+ aCSF as a
second hit after the neonatal freeze lesion to examine whether there is an increased susceptibility
prior to the overt expression of epileptiform activity. This two-hit model produced increased
interictal activity in freeze-lesioned relative to control cortex. We quantified this with measures
of incidence by sweep, time to first epileptiform event, and magnitude of late activity. The
increase was present even in the P7-9 survival group, before increased excitatory afferents
invade, as well as in the P10-11 and P12-15 groups. In our young adult group (P28-36), the
amount of interictal activity did not differ, but only the lesioned cortices produced ictal activity.
We conclude that epileptogenic processes begin early and continue beyond the expression of
interictal activity, with different time courses for susceptibility for interictal and ictal activity.
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Introduction

Cortical malformations, induced by errors in developmental steps or loss of neurons during
the formation of the cortical plate, necessarily affect the subsequent course of maturation (1).
Interestingly,

despite

this

early

disruption

of

cellular

processes

and

connections,

hyperexcitability is often delayed in both experimental epilepsy models (64, 138, 293, 317) and
the clinical population (26, 157, 222, 235, 283, 284, 289, 308). A waiting or latent period
suggests that epileptogenic mechanisms are developing but not yet capable of producing
epileptiform activity. This then makes the latent period a critical time for identification of
epileptogenic mechanisms, particularly since seizures themselves can alter physiological
processes (191) and exacerbate hyperexcitability (136).
The rodent neonatal freeze lesion model of microgyria replicates the histopathological
features of human 4-layered polymicrogyria (86, 87, 137), with a focal four-layered malformed
region missing deep layers present by P7 (252). We have previously suggested that the absence
of layer IV within the microgyrus triggers reorganization of afferent inputs, particularly
thalamocortical ones that find the appropriate laminar targets in the cortex surrounding the
malformation, the paramicrogyral region (PMR).

This was subsequently supported by

anatomical studies showing that afferents avoid the microgyrus and accumulate in the PMR. The
physiological evidence of increased excitatory input to this region further suggested that this
remapping of afferents might contribute to the expression of epileptiform activity that occurs
with an abrupt onset on P12. To confirm that excitatory hyperinnervation could be a cause rather
than a result of hyperexcitability, we have previously examined whether it occurred prior to or
after the onset of network hyperexcitability at P12. We found that there was an abrupt and
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consistent increase in the frequency of mEPSCs in PMR pyramidal neurons on P10. When
neonatally freeze-lesioned animals are given a second hit via hyperthermia on P10, they develop
spontaneous seizures as adults (259). Since many alterations of microgyral and PMR cortex
other than the increased excitatory afferents are known, it is important to determine if it is indeed
the presence of this increased afferent input that initiates the epileptogenesis.
To examine this we have asked if there is an increased susceptibility for epileptiform
activity during the latent period, particularly coinciding with the hyperinnervation on P10. We
have tested this in vitro with a two-hit model of neonatal freeze lesion followed 6 or more days
later by the presence low-Mg2+ aCSF. Low-Mg2+ aCSF has commonly been used to test for
hyperexcitability and models a general overall increase in cortical excitability.

Methods

Freeze Lesion
On postnatal day (P) one, Sprague Dawley rat pups were anesthetized in ice for ~4 minutes.
When movement and response to tail pinch ceased, an incision was made through the scalp. With
the skull exposed, a freezing (-50° C) rectangular probe (tip size = 2 X 5 mm) was placed over
the somatosensory cortex for five seconds. The scalp was then sutured and the pup was placed
under a heat lamp to warm, and ~10 minutes later returned to the dam. For a detailed description
of procedure see Jacobs, 1996 (137).

Brain Extraction and Slice Preparation
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Between P7 and P38, rats were anesthetized with pentobarbital (55 mg/kg i.p.) or
isoflurane exposure and decapitated for brain removal. Once the brain was removed it was
immediately chilled in sucrose-modified artificial cerebral spinal fluid (aCSF) containing: (in
mM) 2.5 KCl, 10MgSO4, 3.4 CaCl2, 1.25 NaH2PO4, 234 sucrose, 11 glucose, and 26 NaHCO3.
Coronal 400 µm thick slices were cut in modified aCSF with a 1000plus vibratome. Once cut,
the slices were placed in an oxygenated normal aCSF containing: (in mM) 126 NaCl, 3 KCl, 2
MgCl2, 2 CaCl2, 1.25 NaH2PO4, 10 glucose, and 26 NaHCO3. The slices remained in this
solution at 34° C for 30-45 minutes and at room temperature thereafter until placed in the
recording chamber.

Electrophysiological Recordings
Slices were placed in an oxygenated interface chamber with 34° C normal aCSF flowing
over the slice. Field potential recordings were made using glass micropipettes (2-8 MΩ, 1 M
NaCl), placed within superficial layers (II/III) ~1 mm lateral to the microsulcus in PMR or in
homotopic control (unlesioned) cortex. We have previously demonstrated that the PMR is the
most sensitive region for epileptiform activity (138). For extracellular stimulation, a concentric
bipolar electrode was placed at the interface of white and gray matter directly beneath the
recording site, such that these two electrodes were in a plane orthogonal to the pia. A single
current pulse (20 µsec long) of varying current intensity (0.30-10 mA, defined as threshold
current) was applied to generate a short latency field potential with a peak negativity of 200 µV.
To further assess slice health and to estimate intrinsic cortical excitability, a series of increasing
stimuli (stimulus intensity protocol) were applied by successively increasing the duration of the
pulse (1X, 2X, 4X, 8X, and 16X). Slices were deemed viable if they met two criteria: 1) the
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short latency response increased in a fashion that was graded with stimulus intensity; and 2) at a
stimulus intensity of 16X threshold, the field potential negativity had a peak of at least 0.6 mV.
Field potentials were amplified 1000x (AxoClamp 2B, Axon Instruments and FLA-01 amplifier,
Cygnus Technologies) and digitized at 5-10 kHz with a Digidata 1322a (Axon Instruments) and
recorded to hard drive with Clampex software (Axon Instruments).

In order to test the

susceptibility to epileptiform activity, before and after low-Mg2+ aCSF, two sec of response to
threshold current stimulation was recorded once a minute. After 10 minutes of recordings in
normal aCSF, low-Mg2+ aCSF (normal aCSF without the MgCl2 added) was applied for the
remainder of the experiment (100 minutes). With our chamber, the solution required five
minutes to reach the chamber.

Data Analysis
Measures of the peak, area, and time to peak were made on three sweep averages of the
short latency field potential negativity in response to the stimulus intensity protocol using IGOR
software (Wavemetrics). Prior to measurement calculation, the responses were zeroed based on
the time from zero to nine msec, with the stimulus occurring 10 msec into the sweep.
Examination of the peak and area of responses began just after the stimulus artifact. Differences
between control and PMR cortex were analyzed using 2-way ANOVAs (intensity versus
experimental group). Differences within experimental group between age groups were also
tested using 2-way ANOVAs. Epileptiform activity was detected and sorted into interictal and
ictal-like (hereafter called ictal) activity by an automated epileptiform detection module written
in IGOR by Jeremy Bergsman. Interictal events were detected as peaks occurring after the short
latency response that were 2-3X the baseline voltage of the Gaussian filtered (70 Hz) raw field
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potential trace (see Fig. 2.2D). Ictal events were detected as peaks that were 2-3X the baseline of
the derivative of the filtered trace (see Fig. 2.2F, H). Sweeps with two or more ictal events were
considered repetitive ictal. The area of the rectified late (490 to 1990 msec) activity was
measured with Clampfit software (Axon Instruments). Because comparisons between control
and PMR cortex were truly independent for each age group, Bonferroni adjusted t-tests were
used to detect significant differences (p<0.05) for measures of amount of epileptiform activity.
For the measure of time to first epileptiform sweep, age appeared to be a factor for the PMR
group, thus we used a 2-way ANOVA to determine if there were differences between PMR and
control responses as well as differences among age groups.
Spectrograms were created by importing event driven data collected with Clampfit 8.2
(Axon) as gap free data in Matlab (7.9.0, 2009b) using a custom m-file. The initial 400 µs of
each sweep was eliminated to reduce the effect of the stimulus artifact on the generated
spectrogram. For this study, spectrograms with a 0.5 Hz frequency resolution were plotted from
0.0 to 15 Hz.

Results

In order to understand the onset of excitability changes in malformed cortex, responses
from four age groups were characterized: a) P7-9; b) P10-11; c) P12-15; and d) P28-36. The first
group, P7-9, reflects a time prior to the increase in excitatory afferent input to layer V pyramidal
neurons reported in this malformation model (320). The second group, P10-11, reflects an age
when these excitatory afferents are increased, yet field potential epileptiform activity cannot be
evoked under conditions of normal aCSF. In the third age group, P12-15, epileptiform activity is
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readily and consistently evoked from the PMR (138), although control cortex also shows an
increase in excitability at these ages (182, 183). In the final, adult age group, the PMR continues
to show epileptiform activity while control cortex is at its lowest level as measured by evoked
field potentials.

Intrinsic excitability
Although there is no epileptiform activity evoked within the PMR at P10-11 in normal
aCSF, we reasoned that the increase in excitatory afferents observed at these ages (320) might be
reflected within the peak or area of the short latency evoked response in normal aCSF. To test
this, an extracellular stimulus was applied to deep layers while recording the network response as
field potentials from the overlying superficial layers. The current required to evoke the threshold
response was not different between control and PMR for any age group (t-tests, p<0.05, N.S.). A
series of increasingly intense stimuli was applied (see Methods) and the area of the short latency
field potential negativity examined. As expected, control and PMR short latency responses did
not vary for the P7-9 age group (Fig. 2.1A). Surprisingly, there was also no difference between
control and PMR groups at ages P10-11 (Fig. 2.1B). In contrast, for the P12-15 age group, the
PMR cortex had responses more than twice as large for stimulus intensities of 4X and greater
(Fig. 2.1C, 2-way ANOVA, p<0.001). In the adult age group, the PMR responses were also
significantly larger than control (Fig. 2.1D, 2-way ANOVA, p<0.05). The PMR responses at
P12-15 were larger than any other responses at any other time. In all cases, the same result was
obtained with the measure of peak field negativity (not shown).

Effect of 2nd Hit
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We sought to determine whether there was an underlying susceptibility to epileptiform
activity at the ages corresponding to the increase in excitatory afferents (P9-10). To investigate
this, we employed a two-hit model, using low-Mg2+ aCSF to increase overall cortical
excitability. The PMR and homotopic control cortex were stimulated once a minute at the
threshold current. After 10 minutes of normal aCSF, the bathing solution was switched to lowMg2+ aCSF and the responses followed for another 100 min. An automated system was used to
detect evoked epileptiform events and to characterize them as interictal or ictal (Fig. 2.2, also see
Methods). Events characterized as interictal were slower, particularly in time to peak, and
typically larger in amplitude and duration as compared to ictal events. In addition, ictal events
often occurred repeatedly within the same sweep (2 sec post-stimulus period, Fig. 2.2D).
Low-Mg2+ aCSF produced epileptiform activity in all slices from both control and PMR
cortex.

The changes in field potential activity occurring over the course of an individual

experiment were easily visualized in spectrograms displaying power versus frequency over
experiment time (Fig. 2.3A). While the short latency activity produced high power at low
frequencies (0-1.5 Hz), epileptiform activity produced increased power at frequencies above 1
Hz. Over the course of an experiment, the epileptiform activity typically evolved from slower,
interictal events to fast and ultimately repetitive ictal activity (Fig. 2.3B). This pattern was
similar in both control and PMR cortex, but typically occurred earlier for PMR than controls.

Effect of Age on Epileptiform Activity Incidence
In order to examine changes in susceptibility for epileptiform activity, three aspects were
analyzed: incidence of events (interictal and ictal), time to first epileptiform event, and
magnitude of the late field potential activity. Confirming previous descriptions of increased
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excitability in the second to third postnatal week in rodents (Jensen et al., 1991;Luhmann and
Prince, 1990), our results show that for control cortex, the P12-15 age group was the most
excitable, with significantly more total epileptiform sweeps (Fig. 2.4A-D, I, 1-way ANOVA,
p<0.005, LSD posthoc) and significantly more single spike ictal than other age groups (Fig.
2.4E-H, 1-way ANOVA, p<0.05, LSD posthoc). The adult age group in controls had the fewest
sweeps with epileptiform activity, including no ictal activity (Fig. 2.4H). The PMR cortex
showed similar trends with age, however there was not a significant effect of age with either total
epileptiform activity or ictal incidence (1-way ANOVAs, N.S.). Both control and PMR also
showed a significant positive correlation between incidence of ictal activity and age for ages up
to P15 (R=0.62 for control, and 0.39 for PMR).

Incidence of epileptiform events in PMR versus Control
In PMR compared to control cortex, epileptiform activity not only occurred earlier within
individual experiments, but also more often and with greater severity than in control cortex from
the same age groups (Figs. 2.3-5). For all age groups, there was an increased incidence of
epileptiform activity in PMR relative to control cortex (Fig. 2.4). In the P7-9 age group, the
majority of the epileptiform events were in the form of interictal activity for both control and
PMR cortex (Fig. 4E). In this age group, the increase in epileptiform activity within PMR cortex
was due specifically to an increase in interictal events (Fig. 2.4E). In the P10-11 age group, the
contribution of ictal sweeps to the total number of epileptiform sweeps was significantly larger
relative to that for the P7-9 age group in control cortex: 28 ±8 versus 55 ±13% of epileptiform
sweeps showed ictal activity for 11 and 8 control slices in the P7-9 and P10-11 age groups,
respectively (t-test, p<0.05). The same was true for PMR cortex: 21 ±8 versus 57 ±10% of

	
  

	
  

70	
  

	
  

epileptiform sweeps showed ictal activity for 12 and 10 slices in the P7-9 and P10-11 age
groups, respectively (t-test, p<0.005). Comparing PMR to control within the P10-11 age group,
PMR cortex had significantly more epileptiform activity due to a greater percentage of interictal
sweeps (Fig. 2.4B, F). In the P12-15 age group one of seven (14%) control slices had interictal
epileptiform prior to application of low-Mg2+ aCSF, while this was true for three of seven (43%)
PMR slices. In no case was ictal activity ever observed prior to application of low-Mg2+ aCSF.
Similar to the younger age groups, for P12-15, the increase in percentage of epileptiform sweeps
for PMR compared to control cortex was due to an increase in interictal activity (25 ±0 versus 52
±0% of sweeps contained interictal activity for control and PMR respectively, P,0.05, t-test, Fig,
2.4C,G). Even when the sweeps prior to application of low-Mg2+ aCSF were excluded, the PMR
still had a significantly larger percent of epileptiform sweeps compared to control (65 ±0 versus
82 ±0 % epileptiform sweeps for 7 control and 7 PMR slices, respectively, t-test, p<0.05). In this
age group, the proportion of epileptiform sweeps that contained ictal activity was similar for
control and PMR cortex (59 ±8 and 42 ±12 % of epileptiform sweeps for control and PMR,
respectively). In the adult age group, none of the control, but all of the PMR slices exhibited
ictal activity (Fig. 2.4H). Thus, only in this age group was the increase in epileptiform sweeps
for PMR compared to control cortex due to ictal and not interictal activity. The proportion of
PMR ictal sweeps for this age group was similar to that for the previous two age groups (52
±20% of epileptiform sweeps).

Threshold for epileptiform activity
The time to the first epileptiform activity after application of low-Mg2+ aCSF is another
measure of susceptibility to hyperexcitability, but more specifically measures the threshold for
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epileptiform events. In PMR slices, the mean time to first epileptiform sweep was less than 10
minutes after low-Mg2+ aCSF application, for all age groups (Fig. 2.5). The results of the 2-way
ANOVA show that the threshold for epileptiform activity is less in the PMR than in control
cortex (p<0.05). There was no effect of age nor was there a significant interaction between age
and experimental condition.

Magnitude of late activity
The magnitude of field potential activity, particularly at the site of the largest current sink
(2), is a reflection of the size of the population EPSC (200), and the number of cells participating
when the presynaptic neurons are within the same structure. To determine if malformed cortex
had a larger network participating in the generation of epileptiform events in PMR cortex, we
analyzed the rectified area of the field potential response occurring after the short latency event
ended (500 – 2000 msec, late rectified field potential, LRFP, Fig. 2.6A). Rectification was
necessary since epileptiform events often cross the baseline. Each age group showed a distinct
pattern in this measure over the course of the experiment (Fig. 2.6C-F). For the P7-9 age group,
the PMR cortex showed a significant increase relative to control cortex in the LRFP (Fig. 2.6C,
2-way ANOVA, P<0.001). This increase was most pronounced just after application of the lowMg2+ aCSF (Fig. 2.6G, adjusted Bonferroni t-test, P<0.01). The responses from both control and
PMR however reached a similar maximum by 50 min after the solution change (Fig. 2.6C, G).
For the P10-11 age group. the LFRP was increased in the PMR (Fig. 2.6D, 2-way ANOVA,
P<0.05).

This age group was the only one that showed an increase in LRFP prior to application

of the low-Mg2+ aCSF for PMR relative to control cortex (Fig. 2.6H, adjusted Bonferroni t-test,
P<0.01). This increase in LRFP for PMR cortex persisted for the duration of the experiment (Fig.
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2.6D, H). In the P12-15 group, there was no difference between PMR and control cortex until
~60 min after onset of low-Mg2+ aCSF (Fig. 2.6E, 2-way ANOVA, p<0.05). Ultimately, control
cortex obtained a larger maximum LRFP than did the PMR (Fig. 6I, adjusted Bonferroni t-test,
p<0.01). In the adult age group, the control cortex failed to show an increase in LRFP after lowMg2+ aCSF application. (Fig. 2.6F, J). In PMR cortex the LRFP increased at a slower rate than
at younger ages, but reached a level near to that obtained for PMR in the P12-15 age group (Fig.
6I, J), and was significantly greater than control (Fig 2.6F, 2-way ANOVA, p<0.05), specifically
during the last two time points, (Fig. 2.6J, adjusted Bonferroni t-test, p<0.01).

Discussion

Here we have demonstrated an early susceptibility for increased levels of hyperexcitability
in the freeze lesion model of microgyria.

Surprisingly, the age of onset for increased

susceptibility does not match the timing of one of the previously identified potential
epileptogenic mechanisms, that of increased excitatory afferents to layer V pyramidal neurons
(320). We have also suggested that alterations occur in specific interneuron subtypes (102), and
some effects on interneurons suggest anti-epileptogenic effects (48, 140). Yet to be determined
is the onset timing for these pro and anti-epileptogenic interneuron effects. Early susceptibility
followed by delayed onset of epileptiform activity in normal aCSF also suggests that network
expression may require maturation of particular cellular properties in the presence of previously
occurring abnormalities.

Developmental Changes in Excitability
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A number of previous findings in malformation models suggested that early insults may
‘freeze’ the cortex in an immature state or at least delay maturation. In rodent and cat models of
microgyria, these included a maintenance of radial glia into adulthood (249), increased duration
of the action potential (181), a maintenance of normally pruned connections from auditory to
visual cortex (134), enhanced functional response to an immature form of both the GABAA and
the NMDA receptors (19, 76) and a delayed transition from NKCC1 to KCC2 (265). These
effects largely occurred within the malformed region rather than the adjacent area of
hyperexcitability. Our current results suggest that hyperexcitability does not arise as a result of a
simple maintenance of an earlier hyperexcitable state. This is true since the most excitable age
for controls was P12-15, yet the increased level of epileptiform activity was already present prior
to this age. The increase in ictal events does not occur until the adult age group, suggesting that
there is a continued development of epileptogenic processes, rather than a static mechanistic
abnormality, but also that a chronic state of hyperexcitability is ultimately induced in this model.
Previous studies have suggested that in fact ictal and interictal mechanisms may develop
independently(13, 14, 72). Our data suggest further that independent latent periods exist for
expression of interictal activity without a second hit, and susceptibility to ictal activity.
Although for some models the malformation is induced in utero, expression of hyperexcitability
is delayed to weeks postnatally (64, 293, 317). Changes in susceptibility over development have
not been well-studied in malformation models and as shown here, could occur substantially
earlier than when seizures or in vitro hyperexcitability is present as has been shown recently for a
non-malformation model (240).

Latent Period
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Recent studies have suggested that development of convulsive seizures occurs gradually,
rather than suddenly after a latent period (47, 84). For at least some epilepsy models, nonconvulsive seizures precede convulsive ones, suggesting an increasing severity (310). Here we
find that susceptibility for increased interictal activity is present long before the expression of
such activity under conditions of normal aCSF (at P12). This could result from a progressive
nature of the interictal activity, although our data do not support this idea. The measures of
percentage of epileptiform activity, time to first epileptiform sweep and even magnitude of late
activity do not get progressively worse from P7 to P12. Although the P12-15 group was the
most hyperexcitable in PMR as well as control cortex, the difference between the excitability for
PMR relative to control was actually lowest for this age group (see Fig. 2.4I). A second
explanation for the delayed expression in the presence of susceptibility is that a normal
maturational process may be necessary for this expression. Previous explanations for the normal
increased excitability seen at 2-3 weeks postnatally in control rats include changes in both
NMDA and GABA receptor development (182, 183, 298). In adult freeze-lesioned rats, NMDA
receptor binding is increased while that of GABAA is decreased over control levels (319). These
effects are most prominent within the malformed region, but also present in the surround. The
onset timing of these effects are unknown, however if they alone created the hyperexcitability,
the malformed region would be expected to be the most excitable region in this model, however
it is less excitable than the PMR (138). Thus changes in NMDA and/or GABAA receptors are
unlikely to create the hyperexcitability, however they may influence the expression of it based on
developmental changes, including increased expression of NMDA in superficial layers.
The decrease in excitability in mature animals compared to the 2nd-3rd postnatal week has
also been proposed to be due to an increased postictal refractoriness based on kindling
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experiments (298). The difference in ictal activity that we found between control and PMR may
reflect a lack of development of this refractoriness or the increased NMDA receptors responding
to the lack of Mg2+ block.

Conclusions
We have found an early susceptibility for interictal activity in malformed brain, as well as a
chronic susceptibility for ictal activity. Once established, there appears to be a maintained rather
than progressive effect of the susceptibility for interictal activity. We conclude from this that the
delay between this susceptibility and the expression of increased interictal activity without the
second hit may be due to normal maturation of characteristics that increase excitability even in
control brains combined with the abnormalities such as the previously demonstrated increased
excitatory afferents. The separate time course for susceptibility to increased levels of ictal
activity suggests that this may arise from separate mechanisms. This study highlights the
importance of determining the timing of susceptibility for epileptiform activity in order to
identify the underlying mechanisms.
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Figure 2.1 Intrinsic Excitability Changes in Normal aCSF During Development: Stimulus
intensity series profiles for immature (A: P7-9; B: P10-11; C: P12-15) and adult (D: P28-36) age
groups, for control (gray) and PMR (black) cortex. Typical responses from each experimental
group are shown in inset, for control (left), and PMR (right), with stimulus artifact masked. For
control and PMR respectively, n = 15 and 17 (P7-9); 13 and 10 (P10-11); 28 and 40 (P12-15); 6
and 7 (P28-36) slices. * = significant difference, 2-way ANOVA, p<0.05.
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Figure 2.2 Example of Automated Epileptiform Activity Detection. Left: Raw sweep examples
of: short latency activity only (A); interictal (C); single spike ictal (E); and repetitive spike ictal
activity (G). Right: Preparation of trace on left for detection of a particular type of epileptiform
activity. Traces were filtered at 70 Hz to detect interictal activity (B, D). The derivative of the
filtered trace was used to detect ictal events (F, H). Dashed lines above traces depict detection
threshold, which was set to 2-3 times baseline of the prepared wave. Solid lines above traces
indicate location of detected peak. Although here only one example of the prepared wave is
shown, each sweep was processed for all three types of epileptiform activity with ictal detection
overriding interictal and repetitive ictal overriding single spike ictal. Detection began after the
end of the stimulus artifact.
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Figure 2.3 Threshold for Evoked Epileptiform Activity Visualized by Spectrogram: After
application of low-Mg2+ aCSF at time 0, epileptiform activity occurred earlier and more
frequently in PMR cortex compared to controls. (A) Spectrograms of field potential responses to
threshold stimulus given to deep layers below recording. Activity occurring in between stimulus
presentations (58 sec) is not shown. The x-axis plots the time over the course of individual
experiments for control (top panel) and PMR (bottom panel). ‘Hot’ colors indicate higher power
field potential activity (mV/ms2). Black arrows point to the first epileptiform sweep. Blue
arrows point to the traces shown in B (sweeps 5, 20, 66, and 98).

(B) Examples of the

progression of epileptiform activity through an individual experiment in control (top) and PMR
(bottom) cortex. Epileptiform activity begins as slow, large amplitude events and evolves into
repetitive sharp ‘spikes’.
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Figure 2.4 Increased Incidence of Epileptiform Sweeps in PMR Cortex. (A-D) Percentage of
sweeps with evoked epileptiform activity for age groups (control, PMR slices): P7-9 (A, 11, 12
slices); P10-11 (B, 8, 10 slices); P12-15 (C 7, 7 slices); and P28-40 (D 4, 4 slices). * =
significant difference between control and PMR (t-tests, p<0.05). (E-H) Distribution of the type
of epileptiform activity observed for each group: Interictal, light gray; Single spike (SS) ictal,
dark gray; and Repetitive spike (RS) ictal, black. The following symbols represent significant
differences between control and PMR: # = interictal, % = SS ictal, and * = RS ictal (t-tests,
p<0.05). (I) Percentage of evoked epileptiform activity relative to the average amount observed
in control P28-36 (100%) for control groups (gray filled symbols with black outlines) and PMR
groups (black filled symbols with gray outlines), for P7-9 (diamonds), P10-11 (triangles), P12-15
(circles), and P28-36 (squares).
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Figure 2.5 Time (mins) to First Epileptiform Sweep After Low-Mg2+ Application: Control on
left, PMR age groups on right. N = 12, 10, 7, and 4 control slices and 11, 8, 7, and 4 PMR slices
for age groups P7-9, P10-11, P12-15, and P28-36, respectively. * = p<0.05, 2-way ANOVA.
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Figure 2.6 Magnitude of Late Field Potential Activity: (A) Typical raw field potential sweep.
(B) Same sweep as in A, with late activity (490 – 1990 msec) rectified. (C-F) Plots of the area
of the rectified late field potential activity before (0-9.99 min) and after (10-100 min) low-Mg2+
application, for control (gray circles) and PMR (black squares). Age group indicated at top of
plot. Activity was averaged over 5 min (5 stimulus presentations) before averaging across
subjects within group. Error bars indicate SEM. Vertical dashed line indicates when low-Mg+2
aCSF reached chamber. (G-J) Bar graphs comparing control (gray) to PMR (black) for data
shown above, but averaged within three time periods: Early (sweeps 1-15), before low-Mg2+
reaches the slice; Middle (sweeps 30-50), after effect of low-Mg2+ is apparent; and Late (sweeps
50-110) when maximum effect has stabilized. * = p<0.05, 2-way ANOVA.
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Chapter 3
Developmental Alterations of Spontaneous Low Mg2+ Induced Epileptiform Activity
in Malformed Cortex

Abstract

A wide range of data supports a role of developmental cortical malformations in
hyperexcitability, but the factors that shape ictal-like epileptiform events in developmental
cortical malformations have not been as thoroughly addressed. We report the developmental
characteristics of spontaneous ictal-like activity generated the freeze lesion model of
polymicrogyria using low-Mg2+ aCSF. We find that NMDA and AMPA receptor dependent
continuous repetitive ictal-like (CRI) activity emerges after a series of seizure-like events (SLEs)
in both malformed and control cortex at P12. However, the proportion of slices capable of
generating CRI activity in malformed cortex (67%) is much greater than in control cortex (10%)
in the P7 to P11 cortex. Pharmacological manipulation of CRI activity in malformed cortex at
these ages suggests that the persistence of CRI activity does not depend on group I mGluRs,
NKCC1 cation/Cl- cotransporter, or NR2B specific NMDA receptors. Inhibition of AMPA
receptor desensitization causes CRI activity to emerge in control P9 tissue and enhancement of
AMPA receptor desensitization causes CRI activity to cease in malformed P9 tissue. These
results demonstrate a possible role that altered AMPA receptor kinetics may play in the
characteristics of spontaneous epileptiform activity in the P7 to P11 malformed cortex.
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Introduction

Epidemiological studies show that the propensity of the young brain to develop seizures is
much greater than that of the adult brain (119, 120). This higher propensity for seizures in the
immature brain is further exacerbated by genetic and extrinsic factors involving congenital
cerebral malformations (261). Since the immature brain has a number of structural and functional
properties that are fundamentally different from the adult brain (i.e. excitatory action of GABA
(34); subunit composition of NMDA receptor (315)) the mechanisms of epileptogenesis during
early development are best studied in the immature brain. Polymicrogyria is an epileptogenic
developmental cortical malformation that is characterized by an abundance of microsulci on the
surface of the cortex (24). The four-layered version of this malformation can be modeled in the
rodent using a postnatal transcranial freeze lesion that kills the cortical plate neurons present at
the time of lesioning (deep cortical layers). The resulting malformed cortex has an invagination
of the superficial layers (86, 87, 252). Evoked epileptiform activity can be generated in cortical
areas adjacent to the malformation (PMR) as early as postnatal day (P) 12 (137, 138). As early as
P10, rats with this malformation are more susceptible to hyperthermic seizures (259, 260).
However, it is unknown how the malformation modulates the form of induced spontaneous
epileptiform activity in either the immature or mature cortex. Further, we also do not know the
age of greatest susceptibility to spontaneous epileptiform activity in either the immature or
mature PMR cortex.
Low-Mg2+ aCSF can been used to generate epileptiform events in the hippocampus,
neocortex, and olfactory bulb (15, 132, 291). The use of Low-Mg2+ aCSF to generate
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epileptiform events in the immature cortex has also been shown as early as P0 in hippocampus
(206) and P2 in the neocortex (301). Developmental studies examining epileptiform activity
induced by low-Mg2+ suggest the lowest threshold for epileptogenesis is around the second
postnatal week (301). The threshold for ictal-like events, also called seizure-like events (SLE),
decreases from P2 to P15 and increases in the adult cortex (301). One study even suggests that
low Mg2+ aCSF-induced epileptiform events cannot be generated in the P4-7 cortex at all (311).
In the intact cortico-hippocampal formation, the duration of SLE increases from P2 to P11 and,
after P7, persistent epileptiform discharges emerge after an hour of low Mg2+ perfusion (233).
The timing of the emergence of persistent epileptiform discharges in the neocortex has not been
studied from a development perspective in either control or malformed cortex. Understanding the
characteristics of seizure-like activity in the malformed, immature cortex is essential to
developing therapies to treat children with developmental cortical malformations who are
suffering from seizures.
In this study, low Mg2+ induced spontaneous epileptiform activity is examined for four
age groups: P7-9, P10-11, P12-15 and P30-35. We examined whether the threshold for
spontaneous generation of epileptiform activity was altered through development in both the
malformed and control cortex. SLE characteristics and the timing of the onset of continuous
repetitive ictal-like epileptiform activity (CRI) were also studied.

Methods

Freeze Lesion
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On P1, Sprague Dawley rat pups were anesthetized in ice for approximately four minutes.
When movement and response to tail pinch ceased, an incision was made through the scalp. With
the skull exposed, a freezing (-50° C) rectangular probe (tip size = 2 x 5 mm) was placed over
the somatosensory cortex for five seconds. The scalp was then sutured and the pup was placed
under a heat lamp to warm, and ~10 minutes later returned to the dam. For a detailed description
of procedure see Jacobs, 1996 (137).

Brain Extraction and Slice Preparation
Rats aged P7-38 were anesthetized with pentobarbital (55 mg/kg i.p.) or isoflurane
exposure and decapitated for brain removal. Once the brain was removed, it was immediately
chilled in sucrose-modified artificial cerebral spinal fluid (aCSF) containing: (in mM) 2.5 KCl,
10 MgSO4, 3.4 CaCl2, 1.25 NaH2PO4, 234 sucrose, 10 glucose, and 26 NaHCO3. Coronal 400
µm thick slices were cut in modified aCSF with a 1000plus vibratome. Once cut, the slices were
placed in an oxygenated normal aCSF containing: (in mM) 126 NaCl, 3 KCl, 2 MgCl2, 2 CaCl2,
1.25 NaH2PO4, 10 glucose, and 26 NaHCO3. The slices remained in this solution at 34° C for 30
to 45 minutes and at room temperature thereafter until placed in the recording chamber.

Electrophysiological Recordings
Slices were placed in an oxygenated interface chamber with 34° C normal aCSF flowing
over the slice. Field potential recordings were made using glass micropipettes (2-8 MΩ, 1 M
NaCl), placed within superficial layers (II/III) ~1 mm lateral to the microsulcus in PMR or in
homotopic control (unlesioned) cortex. We have previously demonstrated that the PMR is the
most sensitive region for epileptiform activity in P1-lesioned cortex (Jacobs et al., 1999). For
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extracellular stimulation, a concentric bipolar electrode was placed at the interface of white and
gray matter directly beneath the recording site, such that these two electrodes were in a plane
orthogonal to the pia. A single current pulse (20 µsec long) of varying current intensity (0.30-10
mA, defined as threshold current or 1X) was applied to generate a short latency field potential
with a peak negativity of 200 µV. To further assess slice health and to estimate intrinsic cortical
excitability, a series of increasing stimuli (stimulus intensity protocol) were applied by
successively increasing the duration of the pulse (1X, 2X, 4X, 8X, and 16X). Slices were
deemed viable if they met two criteria: 1) the short latency response increased in a fashion that
was graded with stimulus intensity; and 2) at a stimulus intensity of 16X threshold, the field
potential negativity had a peak of at least 0.6 mV. Field potentials were amplified 1000x
(AxoClamp 2B, Axon Instruments and FLA-01 amplifier, Cygnus Technologies) and digitized at
5-10 kHz with a Digidata 1322a (Axon Instruments) and recorded to hard drive with Clampex
software (Axon Instruments). After five minutes of recordings in normal aCSF, low-Mg2+ aCSF
(normal aCSF without the MgCl2 added) was applied for the remainder of the experiment (from
80 to 150 minutes). For pharmacological studies in P7-9, malformed and control slices were
used. To study the pharmacological mechanism of CRI activity in malformed cortex, drugs were
applied three minutes after onset of CRI and washed out after 10 minutes. To study the SLE
dynamics in control cortex, cyclothiazide was applied after the fourth SLE burst and washed out
after 10 minutes. With our chamber, the solution required 2.5 minutes to reach the slice.

Data Analysis
Spectrograms were created by importing data collected with Clampfit 8.2 (Axon) as gap
free data in Matlab (7.9.0, 2009b), using a custom m-file. For this study, spectrograms with a 0.5
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Hz frequency resolution were plotted from 0.0 to 25 Hz. Power spectra were generated in
Clampfit 8.2 (Axon) for three distinct SLE time periods: the entire SLE (80 secs), the SLE tonic
phase (first 10 secs), and the SLE clonic phase (last 20 secs). The spectral properties of CRI
activity were sampled (100 secs) at three distinct time points: ‘early’ CRI activity (after first two
minutes of continuous activity), pharmacological CRI (after eight minutes into drug application),
and ‘late’ CRI activity (after 30 minutes of continuous activity). The duration of SLEs was
calculated using the time of the initial large depolarization as the onset and the final clonic burst
as the end (noted as not being preceded by another event for 15 seconds).

Results

Characterization of Low-Mg2+ aCSF-Induced Activity in P12 Cortex
In agreement with previous observations in cortico-hippocampal slices from newborn
rodents (207, 233, 234), low-Mg2+ aCSF induced spontaneous epileptiform activity in immature
neocortex (Fig. 3.1). At P12 in both control (Fig. 3.1A) and PMR (Fig. 3.1B) cortex, the initial
form of this activity was discontinuous bursts of seizure-like events (SLEs) (Fig. 3.1C and E),
followed by continuous repetitive ictal-like or CRI activity (Fig. 3.1D and F).
The SLE consisted of an initial large amplitude event, followed by a tonic phase (Fig. 1C
and E, green arrows) that subsequently evolved into a clonic phase (Fig. 3.1C and E, purple
arrows). Frequency analysis of these two components in malformed and control cortex
determined that the malformed cortex did not generate a different oscillatory pattern (or power)
of either the tonic (Fig. 3.1K) or clonic (Fig. 3.1L) phase compared to control. Power spectrum
analysis of the entire SLE event also revealed no differences in the oscillatory pattern (or power)
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between control and malformed cortex (Fig. 3.1M). The SLE in both control and malformed
cortex had large peaks at (~0.1 Hz).

Spectrograms of SLE and CRI activity in PMR (Fig. 3.1I and J) and control cortex (Fig.
3.1G and H) further demonstrate that the two types of epileptiform-like events were distinctly
different in both control and PMR cortex. Spectrograms confirm that SLEs were characterized by
continuous bursting, beginning with a large depolarization followed by a high frequency (4 to 10
Hz) tonic (green arrows) phases followed by a low frequency clonic (purple arrows) phase (Fig.
3.1G and I). In contrast, CRI was characterized by periodic activity (Fig. 3.1H and J). At P12,
CRI evolved in both control and malformed cortex and consisted of either a single or multiphasic
depolarization event that occurred over a range of frequencies 0.1 to 1.5 Hz (Fig. 3.1N). No
differences were found between control and malformed P12 cortex in the oscillatory patterns of
CRI activity (Fig. 3.1N).

SLE dynamics and the Emergence of CRI in P7-11 Malformed Cortex
The spectral properties of SLEs generated in malformed and control cortex at P7-11 (data
not shown) were not different from events produced in P12-15 cortex, but the percentage of
slices generating CRI activity was much less in control cortex (Fig. 3.2H). In the P7-9
malformed cortex, CRI typically emerged after the fifth SLE or 26.32 +/- 2.87 minutes (Fig.
3.2G) during low Mg2+ perfusion in 67% of the slices examined (Fig. 2H); whereas only one (out
of 28) control slices had CRI emerge (Fig. 3.2H) after the fifth burst or 26.71 minutes.
The proportion of P10-11 malformed animals expressing CRI, 67% (n = 9 slices),
remained constant from the P7-9 age group (Fig. 3.2H). Only one slice from the control P10-11
animals exhibited CRI (n = 10 slices). For both P7-9 and P10-11, there were a significantly
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higher percentage of slices expressing CRI in the malformed animals than in the control animals
(z-test, p < 0.01). While the P7-11 PMR cortex was more likely to generate CRI activity, the
threshold for SLE generation was not significantly greater in PMR cortex compared to control
cortex at either P7-9 or P10-11 (Fig. 3.2G, ns, two-way ANOVA). Additionally, the threshold for
SLE generation in both control and PMR cortex did not change from P7-9 to P10-11 (Fig. 3.2G,
ns, one-way ANOVA).
The SLE duration has been shown to play a role in the development of persistent
epileptiform activity (165). In these studies, the average first SLE duration did not change with
age nor were there differences between control and PMR (Fig. 3.3C, ns, two-way ANOVA)
cortex. Over the course of an experiment, the SLE duration changed for only the P7 control
group (increased) and the P12 PMR group (decreased) (Fig. 3.3D, P<0.05, one-way ANOVA).
To test whether an increased or decreased SLE duration was predictive of the emergence of CRI
in the P7-11 PMR cortex, the SLE durations during experiments with and without CRI were
compared (Fig. 3.3G). The mean percent change of SLE duration throughout experiments with
and without CRI did not differ significantly (Fig. 3.3G).
The interval between SLE was also measured to test whether the interval between SLEs
was predictive of the emergence of CRI. The interval between the first and second SLE did not
change with age or between control and PMR cortex (Fig. 3.3E, ns, two-way ANOVA). The
interval between SLEs throughout the experiment did not change except for groups PMR P10
and P12 (Fig. 3.3F, P<0.05, one-way ANOVA). To determine whether SLE interval predicted
the emergence of CRI activity in the P7-11 PMR cortex, the CRI and non-CRI populations were
compared (Fig. 3.3H). The change in interval between SLEs was not significantly different
between the CRI and Non-CRI P7-11 PMR cortex at any interval examined (Fig. 3.3H).
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Age Effects on SLE dynamics
For both malformed and control cortex, the threshold for spontaneous SLEs, but not CRI,
increased with age (Fig. 3.2G and I, P < 0.05, two-way ANOVA). The average time to onset of
spontaneous epileptiform activity at P12-15 was 12.81 +/-1.08 minutes and 11.05 +/-1.32
minutes for control and malformed cortex respectively. This was a significantly lower threshold
for SLE generation than the threshold for SLE generation in the adult control and malformed
cortex (Fig. 3.2G, P < 0.05, one-way ANOVA). Interestingly, the threshold for SLE generation
for both malformed and control cortex at P12-15 was not lower than the threshold at P7-9 or
P10-11 (Fig. 3.2G, ns, one-way ANOVA). Threshold for CRI was not different between control
and malformed cortex, and did not change with age in either experimental group (Fig. 3.2I, twoway ANOVA). Across all age groups, the average threshold for CRI was 26.55 +/-1.51 minutes
and 26.15 +/-1.64 minutes for control and malformed cortex.
The form of spontaneous epileptiform activity in the mature cortex was much different
than the form found in immature cortex. As mentioned previously, the threshold for SLE
generation was much greater in the mature cortex than the immature cortex. The number of SLE
bursts prior to the emergence of CRI activity was also significantly less than in immature cortex
(data not shown). Because there were so few SLE bursts and CRI activity emerged in all control
and malformed mature tissue, the immature cortex was the focus of the remaining portions of
this study.

Desensitization of the AMPA receptor contributes to the generation of CRI in P7-11 Malformed
Cortex
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In order to determine the role that glutamate receptors play in the generation of CRI in
the P9 malformed, but not control, cortex, a number of pharmacological experiments were

undertaken. Bath application of pharmacological agents was added to the slice preparation after
three minutes of CRI activity. Bath application of the NMDA receptor antagonist APV (50 µM)
caused a reversible block of the CRI (n = 5 slices), but did not block all spontaneous activity
(Fig. 4A). In four of the five slices, SLEs emerged after discontinuing APV application and
within three SLEs, CRI reemerged (Fig. 4A). Bath application of the AMPA receptor antagonist
DNQX (20 µM) caused an irreversible block of CRI in all slices (n = 5 slices), but in all cases
SLEs emerged after CRI was ceased (Fig. 3.4B). In three cases, only a single shortened SLE (see
insert, Fig. 3.4B) emerged after CRI was ceased. After DNQX was removed from the bath,
discrete SLE bursting reemerged, but it all cases CRI did not return within 60 minutes of the
washout.
To further explain the role of AMPA receptors in the generation of CRI, cyclothiazide, a
pharmacological agent that promotes AMPA receptor desensitization, was bath applied to the
P10 control cortex during CRI (Fig. 3.4D). In a previous study, cyclothiazide was shown to
increase the duration of the tonic phase of the SLE and, in some cases, induce activity similar to
CRI in the hippocampus (165). Bath application of cyclothiazide (100 µM) in control cortex after
80 minutes of discrete SLEs induced CRI within five minutes of application in all slices (five of
five). To test whether inhibition of AMPA receptor desensitization could prevent generation of
CRI in P10 malformed cortex, hypoxic conditions were applied to the slice preparation (a
method used to reduce pH to 6.0). These conditions have been shown to (in addition to other
effects) inhibit AMPA receptor desensitization (Ihle, 2000). CRI was always (five of five)
irreversibly discontinued in hypoxic conditions in malformed cortex (Fig. 3.4C).
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NKCC1 role in the initiation and persistence of CRI activity in P9 cortex
During the first postnatal week, cation/Cl-cotransporter NKCC1 expression is upregulated
and KCC1 is not expressed causing GABAergic responses to be depolarizing (34). Tetanusevoked SLEs in hippocampal slices bathed in low-Mg2+ are contingent on GABAA receptordependent depolarization (99, 161), and excitatory responses to GABA may also play a role in
high-K+ seizure models, at least in immature animals (88, 89, 135, 152). It has been previously
shown that NKCC1 expression is prolonged in malformed cortex (265) and the possibility exists
that this abnormal expression contributes to the high prevalence of CRI activity in the P9
malformed cortex. To test whether altered Cl- transport contributed to the generation of CRI in
P7-9 malformed cortex, NKCC1 was blocked with bumetanide (10 µM). Bumetanide has been
shown to alter the kinetics of SLEs, but the role it plays in CRI kinetics is unclear (Kilb, 2007).
In all slices (four of four) bumetanide had little effect on the presence or frequency of CRI (Fig.
3.5E and 6A) and bumetanide did not induce CRI in P9 control cortex (three of three, data not
shown).

Group 1 Metabotropic Glutamate Receptor Role in the Initiation and Persistence of CRI Activity
in P9 Cortex
Epileptiform activity increases the extracellular glutamate concentration (85, 168), which
increases the likelihood of extrasynaptic group I mGluR contributing to the shape of epileptiform
events. It has already been shown in hippocampal slices that activation of group I mGluRs can
prolong SLE burst duration in vitro (168, 199) and antagonism of group I mGluRs can decrease
the duration of SLEs in vitro (168), as well as in vivo (176). To test whether group I
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metabotropic glutamate receptors played a role in the presence of CRI activity in the P9

malformed cortex, we applied 10 µM MPEP (mGluR5 antagonist) alone and with 300 µM AIDA
(mGluR1 antagonist) to CRI activity in P9 malformed cortex (Fig. 3.5C-D). In each case,
blocking mGluR5 (Fig. 3.5C) and mGluR1 and 5 (Fig. 3.5D) did not cause CRI activity to cease,
nor did it affect the spectral properties of the epileptiform events (Fig. 3.6A). To test whether
group I metabotropic glutamate receptors could initiate CRI activity in the P9 control cortex, 10
µM DHPG (group I mGluR agonist) was applied to the bathing solution after the fourth SLE
burst. In all experiments (four of four), DHPG did not initiate CRI activity (data not shown).

NR2B-containing NMDA Receptor Role in the Persistence of CRI activity in P9 cortex
During normal postnatal development, the composition of the NMDA receptor changes
from a predominately NR2B subtype expression to a NR2A/NR2B subtype expression. A
selective increase in expression of NR2B subunit in dysplastic (but not in non-dysplastic) cortex
has been demonstrated in tissue taken from patients with intractable epilepsy (208, 306) and may
play a role in hyperexcitable tissue. To test whether the NR2B-containing NMDA receptor
specifically plays a role in the persistence of CRI activity in P9 cortex, 10 RO-25-6981 (a
selective NR2B-containing NMDA antagonist) was applied to bathing solution (Fig. 3.5F). In
contrast to the nonselective NMDA antagonist, APV, that ceased both CRI and SLE activity,
RO-25-6981 did not cease CRI activity, nor alter its spectral properties (Fig. 3.5F and 3.6A).

Discussion
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We have reported that perfusion with aCSF containing low-Mg2+ induces epileptiform
activity in both control and malformed neocortex at both immature and mature time points. Two
distinct types of hypersynchronous activity could be distinguished: 1) Seizure-like events (SLE)
occurring in all slices at every age group and 2) continuous repetitive ictal-like (CRI) activity
that emerged on P7 in malformed cortex, but not until P12 in control cortex. We have
characterized the basic pharmacology of the CRI activity in the P9 malformed cortex and found
its presence and spectral properties not to be critically dependent on NKCC1 cation/Clcotransporter, group I mGluRs, and the NR2B-containing NMDA receptor, but dependent on
NMDA and AMPA receptors. The implications of these results for cortical development and
epilepsy research will be discussed below.

AMPA Desensitization, SLE Duration, and CRI Generation
Previous experiments examining the role that inhibition of desensitization in hippocampal
AMPA receptors plays in the generation of continuous activity showed that cyclothiazide
increases the SLE duration (the tonic period, specifically) and can induce continuous activity
(165). In the current study, we find that cyclothiazide induces CRI in immature (P9) control
cortex that had been incapable of producing CRI. The effect of cyclothiazide on the duration of
the SLE could not be assessed here because in four of the five experiments conducted, CRI
begins immediately following the first and only SLE burst after cyclothiazide perfusion (Fig.
3.4D).
Our results suggest that SLE duration does not predict the generation of CRI activity. By
examining the percentage change of the SLE duration throughout an experiment, our results
demonstrate that neither an increase nor a decrease is predictive of whether CRI will emerge in a
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slice. This suggests that the mechanism(s) involved in the perpetuation of SLEs might be
separate from the mechanism involved in the generation of CRI activity. However, in this study,
the duration of the tonic and clonic phases of the SLE were not examined because of technical
difficulties in discerning the transition between the tonic and clonic phases. The possibility exists
that the duration of either the clonic or the tonic phase could be predictive of the emergence of
CRI activity, but the role they play in the observations made in this study is undetermined.
The role of AMPA receptor desensitization, a phenomenon that occurs within a
subsecond range, in shaping epileptogenesis, perpetuation, and termination processes that can
occur over tens of seconds, is not clearly understood (127, 217). The excessive high-frequency
presynaptic activation during SLEs (164) may result in prolonged and increased extracellular
[Glu] transients (168, 278) compared with basal activity. One hypothesis is that desensitization is
induced by slowly increasing extracellular [Glu] during SLEs, which progressively decreases the
population of functional AMPA receptors. Inhibition of this process may increase the number of
functional AMPA receptors capable of participating in SLE burst, possibly aiding in the
perpetuation of the SLE burst and contributing to the transition from SLE bursting to CRI. Our
data suggests that there may be a greater number of functional AMPA receptors in immature,
malformed cortex than in control cortex at P7-11. To date, no one has shown functional or
expression alterations of the AMPA receptor in the immature malformed cortex, and previous
studies examining the AMPA receptor expression in the adult PMR cortex provide conflicting
results. A previous study using in vitro autoradiography showed an increase in AMPA receptor
binding within and adjacent to the malformation in the adult malformed cortex (319), whereas
another study using immunohistochemical staining for AMPA receptor subunits, GluR2 and
GluR3, show that they are not changed in the adult malformed cortex (118). The unsilencing of
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functional AMPA receptors is an important developmental step during the first postnatal week
(12) and an acceleration of this step could contribute to maladaptive plasticity that helps promote
the presence of CRI in malformed cortex prior to its presence in control cortex.

P9 PMR Cortex CRI Activity Insensitivity to Pharmacological Manipulation
Because seizure-like events (SLEs) and continuous repetitive ictal-like (CRI) activity
have been shown to increase the extracellular glutamate concentration, extrasynaptic group I
metabotropic receptors were expected to play a role in the presence or rhythmicity of CRI
activity. Previous studies have shown that application of group I metabotropic glutamate receptor
agonist can prolong SLE duration and antagonism of group I mGluRs shortens the duration of
the SLE (168, 199). In this study we found that at P9, inhibiting group I mGluRs did not have a
significant effect on the presence or spectral properties of CRI activity in PMR cortex, nor did
activation of group I mGluRs generate CRI activity in control cortex. These results suggest that
once CRI activity is initiated, mGluRs do not play a role in the persistence of CRI activity, but
we cannot rule out the possibility that group I mGluRs may play a modulatory role in the
generation of epileptiform activity (SLEs) prior to the onset of CRI activity.

Threshold for Spontaneous SLEs and CRI
In this study we replicated previous results showing that both SLE and CRI can be
generated in the immature cortex (206, 234). We also replicated previous studies that show that
the immature cortex is more susceptible to spontaneous SLEs than is the mature cortex (301). A
surprising finding in this study is that the threshold for SLE generation is not lowest in the P1215, whereas others have found that threshold to be lowest during the second postnatal week (301)
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and some have even found spontaneous epileptiform activity difficult to generate in tissue less
than P9 (107, 311). A possible explanation for this is the slight variation in the age groups
examined by both Wong, et al. (P4-7 and P13-16) and Vilagi, et al. (P2-5, P8-10, and P15-17)
compared to the age groups examined here (P7-9, P10-11, P12-15). The possibility exists that the
pre-P7 cortex has a significantly increased threshold for SLE generation compared to older
immature cortex. Another possible explanation for these differences is that the ionic
concentrations of the aCSF used by Vilagi, et al. and Wong, et al. were different from those used
in these experiments. In both previous studies, the KCl concentration was less (1.8 and 2.0 mM)
than the concentration used in these experiments (2.5 mM). Additionally, we used a higher CaCl2
concentration (2 mM) than previous studies (1.2 mM). The increased calcium concentration in
our recording aCSF could contribute to an increased driving force of Ca2+, especially considering
our method for developing seizure-like activity (low-Mg2+) increases the conductance of a Ca2+permeable channel (the NMDA receptor).

CRI Activity in the P7-11 PMR Cortex Represents an Accelerated Phenotype?
In this study, CRI activity emerged in all cortical slices examined after P12 after an
average of 28.23 +/-4.32 minutes. At younger time points, epileptiform activity in nearly all
control slices from P7 to P11 exhibited SLE discrete bursting for as long as 2.5 hours (data not
shown), whereas 67% of PMR slices were capable of generating CRI activity. This is the first
finding in the freeze lesion-induced microgyria literature that demonstrates an acceleration of a
developmental phenotype. There is extensive literature that demonstrates cellular and subcellular
alterations in the malformed cortex that suggests there is a persistence of an immature state in the
dysplastic cortex (57, 79, 104, 277). This study suggests a role for altered AMPA receptor
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kinetics in P7-11 PMR cortex for the persistence of CRI activity, but this study does not role out
the possibility of other mechanisms associated with the transition for discrete SLE bursting to
CRI activity.

Continuous repetitive ictal-like activity has been reported previously as interictal-like
activity (or late recurrent interictal-like activity or discharges) (153, 154, 233, 318) in
hippocampal, temporal cortex, and cortiohippocampal slices. This classification is misleading
because interictal activity is characterized clinically as abnormal EEG events between seizures
(274, 303). The CRI activity presented here and previously described in hippocampal slices,
better reflect discharge patterns occurring late in status epileptiticus than typical interictal
activity (172, 177, 302). Traditionally, in vitro interictal-like activity is classified based upon the
timing of the events, being between ictal-like events (called here: seizure-like events, SLEs). The
activity described in this study represents a more rhythmic and persistent form of what is called
interictal activity, but fires less frequently and without the characteristics of the tonic and clonic
phases of ictal-like bursts. For these reasons, we characterize the late continuous repetitive
activity as ictal-like activity.

Summary
In this study we have found fundamental differences in the type of spontaneous
epileptiform activity generated in control and malformed immature neocortex. Continuous
repetitive ictal-like activity emerges in the malformed cortex as early as P7, but does not emerge
in control until P12. We’ve shown that AMPA receptor kinetics, desensitization specifically,
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could play a role in this difference and our results suggest that AMPA receptor function could be
enhanced in the immature malformed cortex.
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Figure 3.1. Type of Activity Induced by Low-Mg2+ aCSF in P12 Neocortex: A,B) Shown is 60
min of a typical experiment from a control (A) and malformed (B) P12 slice in which the lowMg2+ aCSF reached the slice 5 min after the beginning of the trace. C,E) SLE bursting arises
typically between 6.74 to 16.02 min after the low-Mg2+ aCSF reaches the slice. D,F) CRI
typically follows the SLE within 24.48 to 31.44 min. These two types of activity are nonoverlapping and distinct from each other. G-J) Spectrograms showing change in frequencies
over time for a typical experiment in a control (G,H) and PMR (I,J) slice. Note: The 10-4 Hz
frequencies of the tonic phase (Green arrows) and the lower frequency events of the clonic phase
(black arrows) and CRI. Mean power spectra occurring during the tonic (K) and clonic (L)
phases of the SLE, the entire SLE (M), and CRI (N) for control (black) and PMR (red) slices
from P12 to 15.

Comparison of peaks via t-tests showed that there were no significant

differences between control and PMR for the power spectra of these four forms of activity.
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Figure 3.2 Developmental Changes in Low-Mg2+ aCSF-induced Epileptiform Activity:

A-F)

Continuous 60 min long field potential recording examples from control (A-C) and PMR cortex
(D-F) at development ages P8, 15, and 30. G) The time to the first SLE was not different
between control and PMR cortex for any of the age groups, but the time to first SLE did
significantly increase with age in both control and PMR cortex (* denotes significant increases
from P7-9, p<0.05, two-way ANOVA).

H) The percentage of experiments in which CRI

emerges after SLE activity is significantly larger in PMR cortex for the P7-9 and P10-11 age
groups (p<0.05, z-test). I) The time to the onset of CRI is not different between control and
PMR cortex and does not change with development (two-way ANOVA, NS). Scale bar in A for
A-E; scale bar in C for C & F.
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Figure 3.3 Duration of SLE and Interval Between SLEs Does Not Predict Emergence of CRI:
A-B) Shown are examples of typical SLE bursts from P10 control (A) and PMR (B) slices. C)
The duration of the first spontaneously generated SLE did not vary with age nor were there
significant differences between control and PMR. D) For all groups except control P7 and PMR
P12, SLE duration did not change over the course of the experiment (one-way ANOVA, p<0.05).
Note that in the PMR P12-15 group, there were only 4 SLEs that preceded the CRI. E). The
interval between the first and second SLE did not vary with age nor were there significant
differences between control and PMR. F) For all groups except PMR P10 & P12, the interval
between SLEs did not significantly change over the course of the experiment (one-way ANOVA,
p<0.05) G and H) Comparison of SLE characteristics in P7-11 PMR slices that generated CRI
and did not generate CRI reveal no differences in either the SLE burst duration (G) or SLE
interval (H)	
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Figure 3.4 Spontaneous Epileptiform Events in PMR P9 Cortex are Dependent on Glutamatergic
Transmission: A) Both SLE and CRI were inhibited by 50 µM APV. B) CRI was abolished,
while SLE duration was reduced by 20 µM DNQX (Green Arrow – Pre DNQX SLE and Orange
Arrow – DNQX SLE). C) Low-pH aCSF inhibited CRI and caused reemergence of SLEs. E)
CRI was induced within a P9 control slice with 100 µM cyclothiazide. Time scale in A for A-C,
and in D for D-E.
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Figure 3.5 Pharmacological Manipulation of CRI Persistence and Spectral Properties in P9 PMR
Cortex: A and D) The spectral properties of CRI activity did not change from the onset (A) to
the end of the experiment (C). E and G) Application of 10 µM MPEP (E) as well as 10 µM
MPEP, 300 µM AIDA (G) did not cease or alter the spectral properties of CRI activity. I and K)
20 µM Bumetanide (I) and 10 µM RO25-6981 (K) application also did not cease or alter the
spectral properties of CRI activity. M) The CRI activity generated by 100 µM cyclothiazide in
control cortex had similar spectral properties as CRI activity generated in PMR cortex.
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Figure 3.6 CRI Rhythmicity After Pharmacological Manipulation Does Not Change: A)
Averaging the spectral power between 0.3 and 2 Hz (characteristic of slow or delta oscillations)
for CRI activity reveals no difference in the frequency of oscillations for any pharmacological
manipulation done.
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Chapter 4
Characterization of the Spatial Dynamics of Epileptiform Events in the Cortical
Malformation of Microgyria

Abstract

Developmental cortical malformations are a major cause of intractable seizures. Some
epilepsy patients have seizures initiated within the malformation while in others they are
generated by the surrounding cortex. Data in the freeze lesion model of microgyria suggest that
the timing of freeze lesion (from P0 to P1) can shift the epileptogenic focus from the
malformation to the paramicrogyrial region (PMR). In this study, we investigate whether the
timing of the freeze lesion can alter the epileptogenic circuitry of the malformation and
surrounding tissue.
Here we use voltage sensitive dye imaging combined with local field potential recordings
to identify the spatiotemporal characteristics of the initiation and propagation of epileptiform
events generated using low magnesium (low-Mg2+) aCSF. We compare these characteristics in
the P0-, P1-lesioned and control cortex at two age groups: immature (P9-12) and mature (P2835).
We find that the epileptogenic focus in the malformed cortex can shift depending on the
timing of the lesion, survival age of the cortex, and type of epileptiform event generated.
Specifically, we find that the immature, P0-lesioned cortex has an evoked epileptogenic focus
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near the malformation whereas the evoked epileptogenic focus in immature, P1-lesioned cortex
is more distant from the malformation. In the adult cortex, the spontaneous epileptogenic focus
shifts in P1-lesioned cortex to distances very far from the malformation. In addition to the
epileptogenic focus, we find that the propagation rate of evoked epileptiform events is increased
near the malformation compared to sites distant from the malformation in malformed cortex and
sites analogous to the malformation in control cortex.
An essential component of relieving seizures in patients with intractable epilepsy is
understanding of what tissue contributes to the epileptogenic focus. This study advances our
understanding of how the timing of the creation of an epileptogenic malformation can alter the
site of epileptogenesis and other key components of epileptiform activity.

Introduction

Focal cortical malformations caused by erroneous cortical development have been linked
to a high number of cases of intractable epilepsy (78, 157, 238). While surgery to remove seizure
foci in non-development related epilepsy is typically quite successful, surgical resection of
malformations have varying, but a lower rate of success (78, 157, 238). Studies of surgically
removed brain tissue from these patients have shown intrinsic epileptogenicity in the dysplastic
lesion and surrounding tissue (192, 220). Clinical studies clearly show two distinct populations:
some patients that benefit from resection of just the malformation (156) and others that only
benefit from resection of the combination of malformation and surrounding tissue (268). The
reason for this disparity in surgical results with malformation-associated epilepsy is unknown.
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but in vitro studies have shown that when malformed cortex is cut from adjacent cortex

epileptiform activity persists (78, 157, 238), suggesting there is a type of malformation that can
alter the circuitry of cortical areas surrounding the histopathological tissue. A greater
understanding of the differences between these malformations is required to know when and how
tissue outside the histopathological tissue is altered and how it contributes to hyperexcitability
and seizures.
The microgyria produced by postnatal freeze lesioning of neurons at the cortical plate
mimics the histopathology and epileptogenity of a specific type of clinical cortical malformation,
polymicrogyria (86, 87, 137, 184). Most investigations into this type of malformation have been
conducted by lesioning the cortex on either postnatal (P) day 0 (<24 hours of birth) or P1
(between 24 and 48 hours). Freeze lesioning the cortex in utero generates an epileptogenic cortex
but the abnormal lamination is absent (280). Freeze lesions after P2 do not replicate the abnormal
lamination seen with P0-1 lesions and behavioral deficits associated with perinatal lesions are
not present (286, 288). While the histopathology of the malformations created on P0 and P1 are
similar, the difference in lesion date may explain conflicting results about the epileptogenity of
the malformation itself. The P1 lesion creates a hyperexcitable area adjacent to the malformation
(138), whereas it has been reported that the P0 lesion creates a malformation that is much more
hyperexcitable (245). To date there have not been any studies that directly address differences
between the epileptogenity of the P0- and P1- lesioned cortex.
The differences in cortical architecture at P0 and P1 are not entirely clear in rat. Neurons
destined for deep layers (layer V and VI) have finished migrating into the cortical plate (CP) by
P0 but layer IV neurons may or may not have migrated into the CP. Evidence suggests that in
mice, neurons destined for layer IV are present (133) at P0 but there is a possibility that a
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population of layer IV neurons are not yet in layer IV at P0 (27). While the exact timing of layer
IV migration is not explicitly stated in previous literature, more is known about the
thalamocortical innervation of the cortex. Thalamocortical axons begin to penetrate the cortical
plate around E18 and are thought to influence migration of cortical plate neurons (160).
Functional synapses become detectable around P4 and reliable communication between whiskers
and layer IV neurons is present by P12 (266). The role that experience plays in the maturation of
the developing cortex is not clearly understood but appears to play a large role in creating
functional recurrent excitatory networks (12). Previous work has shown that alterations to layer
IV can alter thalamocortical projections (218). Further, the areas adjacent to malformations
induced at P1 show an increase in mEPSC frequency in areas adjacent to the malformation,
suggesting an increase in excitatory inputs, perhaps from redirection of thalamocortical afferents
intended for the lesioned cortex (140). Here we hypothesize that altering the timing of the
creation of the malformation by one day could lead to differences in the immature and mature
cortical networks within and/or adjacent to the malformation due in part to an alternation in the
innervation patterns of thalamocortical afferents.
To test whether the pathophysiological cortical networks created by P0 and P1 lesions
were different, optical imaging of neuronal activity using voltage-sensitive dye in vitro was used
in combination with immunohistochemical analysis of thalamocortical innervation of the
dysplastic and surrounding cortex. In order to induce evoked and spontaneous ictal- and
interictal-like epileptiform activity, low Mg2+ was omitted from the perfused aCSF. From these
studies we found that the site of epileptiform activity initiation and propagation properties
depended on both the timing of the induction of the malformation, the survival age of the animal,
and whether the event was evoked or spontaneously generated.
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Methods

In Vitro Slice Physiology
Transcranial freeze lesions were made on either P0 (within 3 hours of birth) or P1
(between 30 & 40 hours after birth), above the somatosensory cortex as previously described
(Jacobs, 1996a). Two age groups, immature (P10-15) and mature (P28-35), were used for slice
physiology. Standard coronal slices through the malformed region and homotopic control cortex
were made. Average caudal/rostral position (measured from bregma) was not different between
all cortical slices examined (2.08 mm +/- 0.43 for control and 2.15 mm +/- 0.36 for lesioned
cortices). The average position of the sulcus (measured from the midline) in both P0 and P1lesioned cortices was also not different for either immature or mature malformed cortex
(immature: 3.88 mm +/- 0.14 for P0 lesions and 3.90 mm +/-0.28 for P1 lesions – mature: 4.11
mm +/- 0.18 for P0 lesions and 4.30 mm +/-0.20 for P1 lesions). There was also not a correlation
between the sulcus location and the epileptiform initiation site. These slices were stained with
voltage-sensitive dye RH-765 for 30-45 minutes prior to recording. The slice was deemed
healthy if a 0.02 uV response was elicited from low-threshold stimulation in normal aCSF
containing: (in mM) 126 NaCl, 3 KCl, 2 MgCl2, 2 CaCl2, 1.25 NaH2PO4, 10 glucose, and 26
NaHCO3. To activate cortical responses, either a train of 5 pulses, (each 100 µsec long) with 100
ms inter-pulse interval or a single pulse (100 µsec long) was applied to deep layers of neocortex.
Voltage sensitive dye imaging (VSD) and local field potential (LFP) responses from a silverchloride electrode placed in the superficial layers was recorded for 3-10 sec. Pre-low Mg2+
recordings were averaged across three traces and analyzed as a single trace. After this baseline
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period, the aCSF was switched to low Mg2+, which was the same as normal but without the

MgCl2. Epileptiform activity was typically observed within 5 minutes after beginning the low
Mg2+ for immature cortical slices and 15 minutes for mature cortex. All recordings were made in
the following 40 min. Local field potential recordings within layer II/III, ~0.5 mm lateral to the
microsulcus and in homotopic control cortex were employed to confirm the health of the slice
and the presence of evoked and spontaneous epileptiform activity. VSD: For VSD absorbance
measurements, slices were illuminated with a tungsten-halogen 100-w lamp passed through a
band-pass filter (705 +/- 30 nm, Chroma Technology). The transmitted light was passed through
a 4X objective and collected with a Wutech H-469IV photodiode array that is part of the
Redshirtimaging integrated Neuroplex II imaging system (176 µm resolution between diodes).
The data were acquired and analyzed using variable normalization with Neuroplex software. On
all VSD heat-mapped images, the scale from blue to red is 0% to 100% of the maximal response
at each individual diode.

Immunohistochemical and VSD movie overlay
Post experiment staining for NeuN (Millipore, 1:500) and BisBenzimide (Sigma, 1:1000)
was performed on the imaged slices in order to identify laminar boundaries as well as the outline
of the microgyral region. The malformation size was found using two measurements: the
distance between both cell sparse zones and the distance between where normal lamination
discontinues on either side of the malformation. There was no difference in either measurement
for P0 and P1 malformations. The central point within the malformation was used as the 0 µm
point for distances away from the malformation. Photomicrographs of the stained images were
overlaid by selected frames (50ms per frame) from variable scaled movies created from the
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optical traces obtaining using the Neuroplex software. To create the supplemental movie files,
movies created from Neuroplex were aligned with the stained images in Final Cut Pro (Apple) (1
s of real time = 48.7 ms). Anti-vGlut2 (Synaptic Systems, 1:500) was used to image
thalamocortical afferents in P12 P0-, P1-lesioned and control cortex.

Data Analysis
Traces from each diode pertaining to Superficial layers (II/III) and Deep layers (V/VI) in
distances of 176 µm away (up to 4.094 mm) from the malformation or corresponding distances
in control tissue were imported into Excel (Microsoft) for further analysis. Using a custom
macro, the traces from each diode were normalized to the largest response of that diode’s
response. Time to half-height was used to determine the site of initiation and the speed of
propagation of epileptiform activity across the tissue. Most statistical tests used either a two-way
ANOVA with a Tukey post hoc test or t-test with bonferroni correction. Statistical tests of
proportions used a z-test. Statistically significant differences were P values less than 0.05.

Results

Size of Cortical Dysplasia Does Not Change Between P0 and P1
Two measurements showed that the size of the malformation created from P0 and P1
lesions were not different at either survival time point investigated: the distance between cell
sparse zones and the beginning of normal lamination (6-layered cortex) on either side of the
malformation (Fig. 4.2A, orange arrows). NeuN, BisBenzimide, and Nissl staining in immature
cortex shows that the distance between cell sparse zones for P0-lesioned (Fig. 4.3C, NeuN
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staining) cortex was 194.2 µm +/- 21.1 and P1-lesioned (Fig. 4.3G, NeuN staining) cortex was
203.4 µm +/-23.8. The distance between the beginning of normal lamination for P0 was 858.4
µm +/- 38.3 and for P1 was 874.3 µm +/- 28.9.

Horizontal Extent of Cortical Response to Stimulation Greater in P0 but Not P1-lesioned Cortex
Compared to Control
The size of the neuronal response to stimulation was different in the three cortices
examined prior to low Mg2+ was examined. In all immature experiments (24 of 24), a cortical
column of neurons, extending form the stimulation site to the pia, became activated in response
to stimulation (Fig. 4.1A, C, D). Consequently, the average vertical extent of the neuronal
response to stimulation was not different between all cortices examined (Fig. 4.2A – dark bars)
(6.16 diodes +/- 0.24, 5.60 diodes +/- 0.37, 5.33 diodes +/- 0.37 for control, P0-, and P1-lesioned
cortices respectfully). The horizontal width of the neuronal response (Fig. 4.2A – light bars) was
significantly larger in P0-lesioned cortex (12.33 diodes +/-1.23) than either P1-lesioned and
control cortex (8.33 diodes +/-0.85 and 8.27 diodes +/- 0.36, respectfully). Both the horizontal
and vertical propagation rate of these responses were not different for all cortices examined (Fig.
4.2B).

Timing of Freeze Lesion Alters Site of Evoked and Spontaneous Epileptogenesis
Low threshold stimulation of cortical afferents at the layer VI/corpus collosum interface
in the presence of low Mg2+ aCSF would evoke either a small cortical response similar to pre
low Mg2+ response (Fig. 4.1A,C) or an epileptiform event (Fig. 4.1B,D) that was confirmed by
local field potential simultaneous recordings (Fig. 4.1A,B, dashed lines). Epileptiform events
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could be evoked in all immature slice (24 of 24) and most mature slices (16 of 21). Both single
spike and repetitive spike ictal-like events could be evoked though the initial paroxysmal spike
(Fig. 4.1B, left, dark portion) was used as the initial epileptiform spike. Spontaneously generated
epileptiform activity was also present in most immature (15 of 24) and approximately half of
mature slices (12 of 21). There were no differences between experimental groups (P0-1 lesioned
or control cortex) in the proportion of slices capable of generating either evoked or spontaneous
epileptiform events.
With a 4x objective, voltage sensitive dye imaging provides a spatial recording area of
over 4mm (Fig. 4.1C,D) with a resolution of 178 µm. The optical traces from each diode were
scaled independently and exported to Excel (Microsoft Office 2010) for analysis or converted
into a heat-mapped image (Fig. 4.1E, F) to visualize the spread of the events. Using this
technique, the site of initiation of both evoked and spontaneous epileptiform events was assessed
for immature and mature cortex using the time to half-height of the optical response for each
diode. Figure 4.3 shows two examples of the optical signal for evoked epileptiform events in
cortex lesioned at P0 (A-C) and P1 (D-G). These signals show an event that was initiated
(arrows) within the malformation (Fig. 4.3A) and far from the malformation (Fig. 4.3E). To test
whether there was a difference in the site of initiation of these events, the distance between the
stimulation electrode (1 mm from malformation or analogous site in control and shown in Fig.
4.4B,F) and the site of initiation of the event was compared across P0-, P1-lesioned and control
cortex. In relation to the stimulation site, epileptiform events in immature, P0-lesioned cortex
were evoked, on average, medial (0.29 µm, +/- 0.15) to the stimulation site (near malformation).
In contrast, epileptiform events in both P1-lesioned and control immature cortex were evoked
lateral to the simulation site (far from malformation) (P1, immature cortex = -0.53 µm, +/- 0.14)
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(control, immature cortex = -0.29 µm, +/- 0.16 ). The difference between the sites of
epileptiform event initiation between P0 and P1 lesioned cortex was significantly different in

immature cortex but not in mature cortex (P<0.05, two-way ANOVA, post hoc tukey). This was
due to a lateral shift in the P0-lesioned, mature cortex initiation site to a site further from the
malformation (Fig. 4.4B, bottom).
To further investigate differences in the epileptiform initiation site between P0 and P1,
evoked (Fig. 4.5A-C) and spontaneous (Fig. 4.5D-F) epileptiform events in malformed cortex
were divided into two groups: those that originated within the malformation (sulcus) (Fig. 4.3A)
and those that were initiated outside of the malformation (PMR) (Fig. 4.3D). The sulcus was
defined as being 400 µm from the middle of the malformation.

Evoked & Spontaneous Epileptiform Events in Immature Cortex: The cumulative probability plot
(Fig. 4.5A) of evoked epileptiform events occurring in distances away from the malformation
shows that immature, P0-lesioned cortex is more likely to have an evoked epileptiform event
near the sulcus than immature, P1-lesioned cortex, and both mature, P0- and P1-lesioned cortex.
The proportion of experiments that had evoked epileptiform events initiated near the sulcus was
greater in the P0-lesioned, immature cortex (63.6%, 7 of 11) than the P1-lesioned, immature
cortex (15.3%, 2 of 13) (Fig. 4.5C). Further, the initiation site of evoked epileptiform events was
significantly closer to the sulcus in P0-lesioned (0.80 µm +/- 0.23) than P1-lesioned (1.53 µm +/0.19) cortex (Fig. 4.5B). The majority of initiation sites for spontaneously generated epileptiform
events were outside of the sulcus for both the P0- (71%, 5 of 7) and P1-lesioned (75%, 6 of 8)
cortex.
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Evoked & Spontaneous Epileptiform Events in Mature Cortex

The proportion of slices with evoked epileptiform events originating within the sulcus in
P0 and P1-lesioned cortex did not vary significantly in the mature cortex (Fig. 4.5A-C, solid
lines). Additionally, the average distance from the sulcus of initiation of evoked events was not
significantly different in P0 (1.39 µm +/- 0.57) and P1 (1.26 µm +/- 0.33) lesioned mature cortex.
Spontaneous epileptiform events were generated predominately outside of the sulcus for both P0
and P1-lesioned cortex (P0: 71%, 5 of 7, P1: 100%, 5 of 5) (Fig. 4.5D,F). Interestingly, the
proportion of spontaneous epileptiform events generated outside of the malformation in P1lesioned cortex was significantly greater than that of P0-lesioned cortex (Fig. 4.5D,F) and the
site of initiation was significantly further away from the sulcus in P1-lesioned cortex than
mature, P0-lesioned cortex and both immature, P0 and P1-lesioned cortex (Fig. 4.5E).

Propagation rates increase near the malformation
An essential component of epileptiform activity is synchrony of neuronal populations and
the degree of synchrony among those populations can change the speed that epileptiform events
propagate through the cortex. Using the time to half-height of the epileptiform event and the
distance between diodes, the propagation rate was found as epileptiform events spread across the
diode array.

Propagation of Evoked Epileptiform Activity
In both P0- and P1-lesioned immature cortex, the rate of propagation was faster near the
malformation than in distant sites (Fig. 4.6D: P0 – near: 49.4 mm/s, +/- 5.1 far: 22.2 mm/s, +/2.1; P1 – near: 31.2 mm/s, +/- 3.4 far: 19.2 mm/s, +/- 4.3). Examples of this phenomenon can be
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seen in Figure 6 A-C which show the epileptiform event at different sites in distances away from
the malformation. Interestingly, the speed of propagation was consistent whether the event was
initiated within (Fig. 4.6B) or adjacent (Fig. 4.6C) to the sulcus. In both control immature and
mature cortex, the rate did not differ at analogous sites (near and far from malformation)
(immature control - near: 16.4 mm/s, +/- 3.1 far: 20.4 mm/s, +/- 3.1; mature control – near: 12.3
mm/s, +/- 1.6 far: 19.1 mm/s, +/-3.9). The propagation rate in mature P0-lesioned and P1lesioned cortex near the sulcus was not significantly increased compared to more distant sites
(P0 – near: 34.3 mm/s, +/- 5.4 far: 24.3 mm/s, +/- 4.8; P1 – near: 29.5 mm/s, +/- 2.9 far: 23.2
mm/s, +/- 3.9).
The propagation rate of evoked epileptiform events was fastest in immature cortex close
to the sulcus (<1 mm) in P0-lesioned cortex (Fig. 4.6D, dashed orange) and at sites between 1
and 2 mm away from the sulcus in P1-lesioned cortex (Fig. 4.6D, dashed red). The rate of
epileptiform event propagation in immature P0- and P1-lesioned cortex was higher than control
cortex at distances 0-1 and 1-2 mm from the sulcus (or analogous distances for control) (Fig.
4.6D, dashed lines). At distant sites (2 to 3 mm), the rate of propagation of evoked events for all
cortices examined was the same. In general, the propagation rate tended to be lower in mature
cortex when compared to immature cortex but at sites closest to the sulcus (0 to 1mm) the rate
for P0- and P1-lesioned cortex was significantly higher than control cortex (Fig. 4.6D, solid
lines).

Propagation of Spontaneous Epileptiform Activity
The rate of propagation for spontaneous epileptiform events did not show a preferential
increase near the malformation for either P0- or P1-lesioned immature or mature cortex (Fig.
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4.6E). For all cortices examined, the propagation of spontaneous epileptiform events did not

change as the events propagated across malformed or control cortex. With the exception of P0lesioned, mature cortex at 1 to 2 mm from sulcus, there was also no difference in the rate at each
location between the different experimental groups (Fig. 4.6D).

vGlut2 immunohistochemical staining is altered in the paramicrogyrial region
A preferential increase in the rate that evoked but not spontaneous epileptiform activity
spreads near the malformation suggests a mechanism unique to evoked epileptiform events.
Stimulation of the layer VI, corpus collosum interface activates cortical afferents, among them
are thalamocortical afferents. To test whether an increase in thalamocortical synapses were found
in or near the malformed cortex, vGlut2 staining was performed in P12 control (Fig. 4.7A), P0lesioned (Fig. 4.7B), and P1-lesioned (Fig. 4.7C) cortex. In layer II/III, vGlut2 staining was
consistently low at sites within, near, and far from the malformation in P0-, P1-lesioned or
control cortex (Fig. 4.7D). In layer IV, the site of greatest thalamocortical innervation – an
increase in the density of vGlut2 staining was seen in both P0- and P1-lesioned cortex at the
distances 400 µm and 2400 µm from the sulcus (Fig. 4.7E). In deep layers, vGlut2 staining was
significantly increased in both lesioned cortices at all distances from the sulcus with the
exception of the two most distance sites (Fig. 4.7F).

Discussion

Summary
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In this study we have shown that the timing of the creation of a cortical malformation can alter
the epileptogenic focus on both the immature and mature cortex. Both the sites of initiation of
epileptiform events and the propagation of these events are different depending on the timing of
the lesion and the survival age of the animal.

Timing of Lesion Changes Epileptogenity of Resulting Malformed Cortex
The epileptogenity of the cortex in and surrounding the malformation formed by freeze lesion
has been investigated for nearly 20 years but the date of freeze lesioning has always been
typically defined as “within 48hrs of birth”. As confirmed in the current communication, the
histopathology of the P0- and P1 lesioned malformed cortex appeared to be similar (compare: P0
- Redecker, 2000 Fig. 1C (242) and P1 – Jacobs, 1999 Fig. 4B (138)). This is in contrast to the
resulting cortex from in utero (280) and P5 (286, 288) freeze lesions which are dramatically
different for the typical 4-layered malformation caused by P0 and P1 freeze lesion. In contrast to
the similarity in the histopathology of malformations created within 48 hours of birth, there is
existing literature that suggests there are differences in the electrophysiopathology of the two
malformations. Jacobs, et al. reported that in P1-lesioned animals the epileptogenic focus is
adjacent to the malformation and that epileptiform activity persists in the adjacent mature cortex
even after the malformation is mechanically separated (138). These results are in contrast to a
study conducted by Redecker, et al. which demonstrated that in the P0-lesioned adult animal the
epileptogenic focus of nearly 100% of epileptiform activity is generated within the malformation
itself (245). Our study replicates Redecker’s finding that the malformation generated from a P0lesion is more epileptogenic (i.e. is the initiation site of the majority epileptiform events) than the
surrounding tissue but only in the immature, not mature, malformed cortex. One possible
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explanation for the conflicting results in the mature cortex could be that in the current study only
the initial epileptiform event of the typical low Mg2+ seizure-like event was assessed not the 4-10
Hz oscillating responses described by Wu, et al (313). When we assessed these oscillatory events
that were not the initial depolarized spike, the initiation site of epileptiform events in the
immature, P0-lesioned cortex became less focused (data not shown) in agreement with previous
studies (17, 313). Another possible explanation for these differences could be the method of
analysis used to determine the site of initiation of the epileptiform event. Redecker, et al used the
first diode to reach its max amplitude as the site of initiation but others (185) have shown that the
time to ½ amplitude is a better assessment of activation because a location with higher signal
amplitude (also higher signal-to-noise ratio) may reach threshold earlier, even though its onset
time was later. Finally, another possible reason why our findings were different might be due to
species-specific alterations, as Redecker used wistar and our group has used Sprague-Dawelys.

Possible mechanisms explaining epileptogenic focus shift in P0- and P1-lesioned animals
It was our hypothesis that the difference in epileptogenic foci would be due to the
differences in innervation patterning of the P0- and P1-lesioned cortex because of the possible
survival of layer IV neurons in the P0-lesioned cortex. To test this hypothesis, we stained for the
vesicular glutamate transporter 2, vGlut2, a reliable marker for identifying and discriminating
thalamic terminals in the adult and developing neocortex (210). While we did find that both
lesioned cortices had greater thalamic terminal density in the deep layers than control cortex, no
differences between the density of thalamic terminals in P0- and P1-lesioned cortices were
observed. Though this does not rule out the possibility of differences in number of location of
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functional innervations of thalamic afferents, it suggests that other mechanisms are responsible
for the differences between P0- and P1- lesioned cortices described here.
An alternate explanation for the differences in the P0- and P1-lesioned cortical
epileptogenic foci is the differential expression of both Cl- transporters that set the [Cl-]i and
dictate whether activation of the GABAA receptor is depolarizing or hyperpolarizing. During
development the NKCC1 cotransporter is down regulated and the NCC2 is upregulated, this
transition changes GABAergic responses from depolarizing to hyperpolarizing (33, 34). In the
P0-induced malformation but not adjacent cortex, it has been shown that NKCC1 mRNA
expression is elevated and NCC2 mRNA expression is depressed (265). This finding suggests
that depolarizing GABAergic responses may persist in the malformation but not surrounding
cortex – creating a more epileptogenic malformation. Data of the developmental expression of
NCC2 and NKCC1 in the P1-lesioned cortex does not exist but the possibility exists that the
timing of the insult could differentially effect Cl- cotransporter expression.
Another possible explanation for the differences in the epileptogenic foci described in
this study is that the timing of the lesions differentially induces cell death in different
interneuronal populations resulting in the alteration of the inhibitory circuitry. Neocortical
interneurons do not follow the same inside-outside migration that pyramidal neurons follow so
the birthday of interneurons does not predict the final cortical laminar position (126, 203). Both
medial ganglionic eminence - MGE: mostly parvalbumin and somatostatin staining interneurons
(95) - and caudal ganglionic eminence – CGE: mainly vasoactivity intestinal peptide (VIP)
staining interneurons (203) - derived interneurons migrate tangentially through the superficial
marginal zone (mz) and ventricular zone (vz) during perinatal days, E18 to P4 (202). The
positioning of these interneurons around the timing of our freeze lesion (P0 and P1) has been not
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explicitly studied but the possibility exists, because of the timing of migration, that lesions at P0
and P1 could differentially affect different subpopulations of interneurons.

Evoked vs. Spontaneous Epileptiform Events
Evoked epileptiform events can be considered a hyperactivation of the normal sensoryevoked event that begins in the cortical sensory representation of the stimulus and propagates
into a larger area (37, 314). Spontaneous epileptiform events have been proposed to be generated
from either an intrinsic ‘pacemaker’ cell type (IB neurons) or hyperexcitable cell groups (66,
117). How different the mechanisms of initiation of these two different types of epileptiform
events are is not entirely clear but our data suggests that different epileptiform event foci can
exist for evoked and spontaneous events. This suggests that separate mechanisms for the
generation of spontaneous and evoked epileptiform exist. We find that in the immature, P0induced malformed cortex there is an epileptogenic focus near the malformation for evoked but
not spontaneous epileptiform events. This focus disappears in the mature, P0-induced malformed
cortex but an epileptogenic focus far from the malformation emerges for spontaneous but not
evoked epileptiform events in the mature, P1-induced malformed cortex.
We also find that the propagation rate of evoked, but not spontaneous, epileptiform
activity is significantly increased in malformed cortex near the malformation. The mechanism
underlying the difference between the propagation rate of these two epileptiform events is
unknown but stimulation to cortical afferents appears to activate a synchronizing factor in both
P0- and P1- lesioned cortex that is not activated during the initiation and spread of spontaneous
epileptiform events. It has been proposed that feed forward inhibition directly contributes to the
propagation rate of epileptiform activity and it has been shown that a decrease in feedforward
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inhibition dramatically increases the speed of epileptiform activity propagation (292).

Interestingly, an autoradiography study has shown decreased binding to GABA receptors in the
areas immediately surrounding the malformation which, together with our findings, suggests that
there could be a reduction in the inhibitory network near the malformation (319).

Developmental Changes of the Epileptiform Event Focus
It has previously been shown before that epileptiform activity can be preferentially
generated from a small number of sites in the unlesioned cortex both in vitro (294) and in vivo
(201). The initiation sites in these studies were not correlated to either a malformation, specific
cortical laminae (295) or cortical region (201) and therefore could not easily be studied
developmentally. Redecker, et al found that the epileptiform event initiation site occurs
predominately within the superficial layers of the malformation but only in the adult cortex
(244). To our knowledge no one has studied whether epileptogenic foci, or hot spots, in in vitro
slice preparations, can change with development. We did not have the capability to test whether
the epileptogenic foci in individual cortices changed over a period of weeks. We did find that the
epileptogenic foci malformation bias of evoked epileptiform events in immature, P0-lesioned
cortex shifted in the mature, P0-lesioned cortex and spontaneous epileptiform events initiation
PMR bias of P1-lesioned, mature evolved from the moderately PMR bias of the immature, P1lesioned cortex. Our findings suggest that in addition to the timing of the creation of the
malformation affecting epileptogenic foci, the developmental age of the cortex will also affect
the epileptogenic foci.
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Figure 4.1 Voltage-sensitive Dyes were Used to Assess Neuronal Network Activity for
Distances of Over Four mm: A-B) Shown are typical examples of local field potentials (lower,
dotted lines) and optical signals (upper, solid lines) for a non-epileptiform (normal) (A, black)
and an epileptiform (B, red) response to stimulation. The initial epileptiform event (light blue
shaded area) was followed by smaller repetitive events (dark blue shaded area). C-D) Shown are
responses at individual diodes for the 464 diode array, overlaid on the image of the slice as seen
during the experiment for recordings of normal (C) and epileptiform (D) events. The stimulating
electrode appears black in these images and demonstrates the site of stimulation at the layer
VI/white matter border. E-F) Conversation of the optical signal to a color-coded heat-map (red =
depolarization) shows the spatial spread of the peak response (designated by asterisks in A and
B) for normal (E) and epileptiform (F) events shown in C and D, respectively.
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Figure 4.2 Spatiotemporal Characteristics of Evoked Responses Prior to Low-Mg2+ in PMR and
Control Immature Cortex: Three neuronal responses to stimulation were averaged in order to
determine the extent and propagation rate of the average neuronal responses. A) The horizontal
and vertical extent of the neuronal response to stimulation of the white-grey matter interface,
with a significant increase in horizontal extent for P0 lesioned cortex compared to P1-lesioned
and control cortex (*, P < 0.05, 1-way ANOVA, tukey post hoc). B) The propagation rate of the
neuronal responses in both the vertical and horizontal directions, no differences found between
any of the groups.
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Figure 4.3 Examples of MG- (A-C) and PMR-initiated (D-F) Epileptiform Activity: A)
Successive heat-map images (30 ms per frame) of epileptiform activity in a slice in which the
malformation was induced at P0. Red colors indicate highest level of depolarization. Asterisk
indicates time of stimulation. Black arrow indicates frame showing initiation of epileptiform
activity. B) Frame indicated by arrow in A is overlaid on the image of the slice, as seen at the
time of recording. Stimulating electrode at border of layer VI and white matter appears black in
image. C) Same slice as that shown in B, with Neun staining. D) Heat-map images of
epileptiform activity in a slice in which the malformation was induced at P1. E) Frame indicated
by arrow in D is overlaid on the image of the slice. F) Same slice as that shown in E, with NeuN
staining
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Figure 4.4 Influence of Malformation Induction Timing on Evoked Epileptiform Activity
Initiation Site: A) Example of a NeuN-stained slice from a P0-lesioned rat after survival to P12.
The stimulating electrode was located ~ 1 mm to the sulcus. The distance from the stimulation
site to the initiation of evoked epileptiform activity was then measured, with positive numbers
reflecting initiation sites medial to the stimulation and negative numbers reflecting lateral
initiation sites. The dotted hexagon indicates the dimensions of the photodiode array. Gray
dashed lines on either side of the sulcus indicate extent of the malformed region, used in
subsequent calculations. B) For measurements from slices of immature rats, the initiation site
was medial to the stimulation site in P0- and lateral to it in P1-lesioned cortex, with a significant
difference between the two (*, p < 0.05, 1-way ANOVA, Tukey post hoc). In mature cortex the
difference between these groups was no longer significant.
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Figure 4.5 The Location of Epileptiform Activity Initiation Site Relative to the Induced Sulcus
Varies Depending on the Timing of Malformation Induction: A-C) Timing of malformation
induction affects initiation site of evoked epileptiform activity for immature survival ages. A)
Shown are cumulative probability plots for the distance between the sulcus and evoked
epileptiform initiation site in P0- (orange) and P1-lesioned (red) cortex for immature (dashed)
and mature survival times. B) The mean distance of evoked epileptiform activation site from
sulcus is significantly farther for P1- relative to P0-lesioned cortex for immature survival times
(* = p<0.05, t-test with Bonferroni correction). C) The percentage of events evoked within the
malformation (green) or outside of it (purple) are shown for immature (shaded) and mature
(solid) survival ages. For slices from P0-lesioned cortex, most epileptiform events were evoked
within the microgyrus at immature survival ages. For slices from P1-lesioned cortex, most
epileptiform events, and significantly more than for P0-lesioned cortex, were evoked within the
PMR at immature survival ages (* = p<0.05, z-test). D) Shown are cumulative probability plots
for spontaneous epileptiform activity. E) The mean distance of the initiation site of spontaneous
epileptiform activity is significantly farther from the sulcus for cortex lesioned on P1 surviving
to mature ages relative to both immature ages and P0-lesioned cortex at any age (* = p<0.05, ttest with Bonferroni correction). F) The percentage of spontaneous epileptiform events initiated
with the MG was significantly more for P0- than P1-lesioned cortex at mature survival ages (* =
p<0.05, z-test).
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Figure 4.6 The Propagation Rate of Evoked Epileptiform Activity is Faster Near the
Malformation: A-C) Examples of the optical responses within superficial cortical layers for
various distances from the sulcus (color-coded, mean lateral distance of sulcus in all freeze
lesions was used for control distance 0). D-E) The time difference between responses at adjacent
diodes was calculated at half-peak and averaged for all diodes within 1 mm blocks. Activity was
faster at sites up to 2 mm from the sulcus compared to more distant sites for evoked epileptiform
activity from both P0- and P1-lesioned cortex at all survival ages (*=p<0.05, 1-way ANOVA,
Tukey post-hoc). For spontaneous epileptiform activity, only the P0-lesioned cortex showed an
increased rate at mature survival ages, for the region adjacent to the malformation, compared to
more distant sites (*=p<0.05, 1-way ANOVA, Tukey post-hoc).
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Figure 4.7 Density of vGlut2 Immunohistochemical Staining is Higher in PMR Cortex than in
Control for Middle and Deep Layers. A-C) Examples of vGlut2 staining for control (A) and P0(B) P1-lesioned (C) cortex. D-F) The density of vGlut2 staining was integrated within 0.4 mm
wide bins within the following layers determined by depth from pia: superficial (D, 150-350
µm); middle (E, 350-650 µm); and deep (F, 750-1250 µm). Both lesion groups were showed
significantly greater vGlut2 staining than control (* = p<0.05, 2-way ANOVA).
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Chapter 5
General Discussion
Decades of epilepsy treatment and research have focused on the treatment of seizures.
Despite great advances in the diagnosis and treatment of epilepsy, neocortical hyperexcitability
in some patients cannot be treated with anti-epilepsy drugs. Recent studies suggest that complex,
complementary mechanisms of hyperexcitability likely explain why current anti-epilepsy drug
treatments are ineffective for these patients (186, 198). The experiments described here focus on
the characterization of the pre-epileptogenesis period because anti-epilepsy drug treatment for
patients with intractable epilepsy may only be possible with the prevention of the onset of
seizures. The results of these studies suggest that, in addition to studying the mechanisms of
epileptogenesis, research should be done on the mechanisms associated with the development of
seizure susceptibility. This final chapter will discuss the implications and limitations of the
findings contained in these studies.

Low Mg2+ Model
An essential component of the experiments reviewed in this dissertation is the utilization
of low Mg2+ aCSF to reliably generate epileptogenic conditions in both malformed and control
cortex. Although the freeze-lesioned cortex is capable of generating evoked interictal-like
epileptiform events, spontaneous ictal-like epileptiform events have not been recorded (137,
260). Utilizing low Mg2+ aCSF enables us to test how ictal-like activity manifests itself in
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malformed cortex. As previously described in chapter 2, we believe that low Mg2+ represents a
potential ‘second hit’ that is akin to hyperthermia-induced seizures in patients. Low Mg2+ aCSF
was used in this study because the form of epileptiform activity it generates is similar to clinical
form. However, the author recognizes that the model is not an all-inclusive representation of in
vivo seizures. Evidence suggests that the kindling method may affect the susceptibility for
seizures in the freeze lesion microgyria model. Malformed animals are more susceptible to
hyperthermia-induced seizures than control animals, but are not more susceptible to seizures
induced by bicuculline injections (151, 260).
The seizure-like events (SLEs) described in chapter 4 are near identical to the EEG
recordings of tonic-clonic seizures (see review (196)), but with some caveats. The ictal-like
activity generated in the low Mg2+ model is unlike other in vitro methods of generating
epileptiform activity (i.e. 5-AP, bicuculline application) because inhibitory networks are
functional. This results in significantly slower propagation speeds, presumably because
inhibitory networks are left functional, and perhaps even enhanced. Impaired inhibitory networks
near the malformation could explain the propagation rate increases that were reported in chapter
4. Whether the low Mg2+ generated ictal-like events uncovered a characteristic of all propagating
epileptiform events in malformed cortex is uncertain. However, the study reviewed in chapter 4
serves as the first example of how a developmental cortical malformation can cause an increase
the propagation rate of evoked epileptiform activity near but not far from the malformation.
Further studies in the freeze lesion model utilizing other methods of generating seizure-like
events must be done to understand whether the propagation rate increases reported here are
representative of other seizure models. From a clinical prospective, in addition to reporting
initiating sites of seizures, clinical studies should also assess the rate of propagation of
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epileptiform events near and around malformations because this information may better guide
surgical resection of the epileptogenic zone.

Dissertation Findings Emphasize Importance of Developmental Timing
The studies reviewed in this dissertation, particularly chapter 4, highlight the importance
of reexamining previous studies and questioning discrepancies in existing published results. The
epileptogenicity of polymicrogyria has been modeled in the rat for nearly 25 years by freeze
lesioning the somatosensory cortex around postnatal day zero and one. Each year research
groups utilizing this model publish results using different lesion dates and make the assumption
that the malformed cortex resulting from a P0 and P1 lesion is similar. Chapter 4 demonstrates
that the timing of the lesion, even within the first 48 hours after birth, clearly can alter the
neuronal networks near and surrounding the malformation created by freeze lesion. The results
in chapter 4 highlight the importance of being mindful of the timing of the lesion and will
hopefully inspire more targeted experiments and greater caution in extending conclusions on the
P0-lesioned cortex to the P1-lesioned cortex and vice versa.
In addition to highlighting the importance of the timing of the freeze lesion, this study
also highlights the difference between studying mechanisms associated with epileptiform activity
and the mechanisms associated with the development of epileptiform activity. In an in vitro
model of acquired epileptogenesis that does not exhibit spontaneous seizures (151), one must ask
whether the model is most useful for studying the mechanisms associated with the generation of
an epileptogenic cortex than the mechanisms of epileptiform activity. Study of acquired
epileptiform activity assumes that the brain has already acquired the capacity to become
epileptogenic. Research on mechanisms of epileptogenesis following kindling is important for

	
  

	
  

153	
  

	
  

the development of new anti-epilepsy drugs, but is not as useful for understanding how the brain
becomes susceptible to epileptiform activity. A greater understanding of the latter is essential for
caring for cortical malformation patients with intractable epilepsy. It is unclear whether the
alterations to the cellular, subcellular, and network characteristics prior to epileptogenesis are
equally as important as the alterations found in the epileptogenic brain (187). A goal of this study
was to characterize the susceptibility of the malformed cortex prior to the time that cortex
acquires innate epileptogenicity. We found that the malformed cortex is more susceptible to
epileptiform activity as early as P7 and the possibility exists that malformed cortex could be
more susceptible even earlier. Future studies should be designed to determine if the susceptibility
begins nearly instantaneously after the freeze lesion insult, and whether there is a compound
effect of multiple, complimentary epileptogenic mechanisms prior to the onset of
epileptogenesis.

Network Activity Recording and Future Studies
The studies contained in this dissertation examine the cooperative actions of many
neurons. Local field potentials and voltage sensitive dye imaging were used to compare the
network activity of the malformed and control cortex. Local field potential recordings have been
an essential tool in the study of both in vivo and in vitro cortical oscillations (including
epileptiform activity) for the last three decades (149, 200, 239, 262). This is because the
recordings relate the sum of all suprathreshold activity from many neurons surrounding a
recording electrode (200). Interictal-like and ictal-like events are the result of near synchronous
activation and this activation can be clearly identified with local field potential recordings.
However, because of the nature of the local field potential signal, the spatial characteristics of a
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network event cannot be located without complicated current-source density analysis (2, 211). In
addition to the spatial limitation, local field potential recordings reflect suprathreshold activity
and do a poor job of reflecting subthreshold activity. Subthreshold activity has been shown to
play a large role in cortical oscillations as well as other synaptic communication (230, 290).
Because of these limitations, local field potential recordings were utilized as a binary device,
providing a method to determine whether an epileptiform event occurred rather than a method to
determine the spatiotemporal identity of epileptiform activity.
Voltage sensitive dye imaging was used to gain a greater understanding of the
spatiotemporal nature of epileptiform signals. The initiation of epileptiform activity, a point of
emphasis in chapter 4, is best determined by the first cells to activate, not the first cells to reach
maximum excitation. Voltage sensitive dye imaging allows for recording of subthreshold
fluctuations and provides good spatiotemporal resolution of the epileptiform events (312, 313).
However, while voltage sensitive dye imaging provides good spatial resolution of neuronal
activity, the actual resolution of the technique is dependent on the imaging objective used. In
order to visualize the largest section of tissue possible, we used a 4X objective that gave a large
area to image but only provided us with 176 µm of resolution. This is means that our ability to
discern the initiation site of epileptiform activity was limited to a 176 square bin. Now that we
have shown the spatial characteristics of epileptogenesis in large networks surrounding
malformed cortex, future studies can isolate smaller cortical areas using voltage sensitive dye
imaging with higher power objectives and/or calcium imaging techniques. In combination with
genetic tools to identify cell types, calcium imaging of single cells would provide not only great
spatial resolution, but cell subtype specific resolution. This will be essential to understanding the
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role that different cell types play in the generation, persistence, and termination of epileptiform
activity.

Stimulation Protocol and Future Studies
An essential component of the studies in this dissertation was the use of stimulation to the
grey-white matter interface to evoke both normal cortical responses, as well as epileptiform
events. This method of stimulation of cortical events has been used for decades and has proven
to be a valid means to activate neuron networks, similar to the way that cortical afferents can
activate neuronal networks (65, 264). A limitation of this stimulation protocol is that all afferents
under the stimulation electrode are activated. This means that all cortical afferents, including, but
not limited to thalamocortical, commissural fibers, and modulatory afferents from subcortical
structures, are activated simultaneously. As selective stimulation protocols (optogenetic in
particular) become more prevalent, we learn more about how different afferents affect cortical
function in different ways (111, 130, 272). The possibility exists that certain cortical afferents
may play a larger role than other cortical afferents, but the limitations of our stimulation protocol
prevent us from making any of those conclusions. The studies contained in this dissertation
identify the age of susceptibility to evoked epileptiform activity in the immature malformed
cortex. It is not known which cortical afferents, if any, are responsible for the increases in
susceptibility. These studies provide the groundwork for future studies to probe, with more
sophisticated stimulation techniques, which afferents contribute the greatest amount to increase
susceptibility in the malformed cortex.

Translation and Therapeutic Relevance
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Current treatment for patients with epilepsy associated with developmental cortical

malformations involves anti-epilepsy drugs followed by surgical resection of the epileptogenic
tissue. Most malformations are only found after a patient shows signs of neurological deficit
and/or seizure. This makes treating a patient prior to the onset of seizures difficult. However, the
latent period between malformation creation and seizure onset could become a therapeutic
window by utilizing technological advances that have made imaging malformations less
expensive and easier to locate, in conjunction with greater understanding of developmental
cortical malformations. Identifying key time points in both the development of seizure
susceptibility, as well as the exact timing of epileptogenic mechanisms will be essential
components of a clinician’s ability to help a polymicrogyria patient avoid seizures from
initiating.
Clinical evidence suggests that the same developmental cortical malformation in two
different patients can have a different epileptogenic focus. To date, no single animal model of a
developmental cortical malformation has been able to replicate these disparate clinical findings.
The evidence in chapter 4 suggests that, for the first time, the timing of the creation of a
microgyria can alter the epileptogenic focus, mimicking clinical evidence. Unfortunately, in
these dissertation studies we were unable to identify a mechanism that causes the differences in
the spatiotemporal characteristics of the P0- and P1-lesioned cortex. As discussed earlier, we
hypothesized that differential thalamocortical afferentation of the MG and PMR regions in P0and P1-lesioned cortex might explain the differences in epileptogenic focus. We have shown
here that anatomical thalamocortical afferentation of the cortex (evidenced by vGlut2 staining) is
not different between P0- and P1-lesioned cortex, but it is possible that functional
thalamocortical afferentation differences exist. Experience provides important developmental
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signals to the cortex, including the unsilencing of AMPA receptors and the formation of
functional thalamocortical synapses on layer IV neurons (12). In chapter 3, we found that the
abnormal presence of CRI activity in P9 PMR cortex (lesioned on P1) was due in part to altered
AMPA receptor kinetics. Whether the functional thalamocortical afferentation differential affects
AMPA receptor kinetics in P0- or P1-lesioned cortex is not known, but future studies could
probe this possibility. Hopefully, the new spatiotemporal characteristics of epileptiform activity
in microgyria discussed in this dissertation will lead to the development of better-targeted
pharmacological and/or surgical solutions for patients with polymicrogyria.
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